Deadly combinations:Hybrid incompatibilities in the parasitic wasp genus Nasonia by Koevoets, Tosca
  
 University of Groningen
Deadly combinations
Koevoets, Tosca
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2012
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Koevoets, T. (2012). Deadly combinations: Hybrid incompatibilities in the parasitic wasp genus Nasonia.
Groningen: s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the






hybrid incompatibilities in the 
parasitic wasp genus Nasonia 
  
The research has been carried out in the Evolutionary Genetics group at the Centre 
for Ecological and Evolutionary Studies (CEES) according to the requirements of the 
Graduate School of Science (Faculty of Mathematics and Natural Sciences, University 
of Groningen). 
 
This research was supported by grant ALW 816.01.004 and Pioneer grant ALW 
833.02.003 of the Netherlands Organization for Scientific Research (NWO) awarded 
to L.W. Beukeboom. 
 
The production of this thesis was founded by the University of Groningen and the 
Faculty of Mathematics and Natural Sciences. 
 
Printed by: Ponsen & Looijen (Ede, the Netherlands) 
Front cover design: original photo by P. Koomen, digital alteration by T. Koevoets 
Back cover design: figure from technology-info.com, digital alteration by T. Koevoets 
 








hybrid incompatibilities in the 








ter verkrijging van het doctoraat in de 
Wiskunde en Natuurwetenschappen 
aan de Rijksuniversiteit Groningen 
op gezag van de 
Rector Magnificus, dr. E. Sterken, 
in het openbaar te verdedigen op 
vrijdag 22 juni 2012 









geboren op 26 januari 1983 
te ’s-Gravenhage 
Promotor:   Prof. dr. L.W. Beukeboom 
 
Copromotor:   Dr. L. van de Zande 
 
Beoordelingscommissie: Prof. M. Schilthuizen 
    Prof. J.H. Werren  





Voor de ARTSEN en VERPLEGERS van  
NEURO-ONCOLOGIE en NEUROCHIRURGIE 
van de Daniel den Hoed kliniek 






General introduction                                                                                      9 
Chapter 2 
Haldane’s rule and haplodiploid reproduction                                              29 
Chapter 3 
Polymorphic microsatellite loci for inter- and 
intra-specific use in Nasonia                                                                          43 
Chapter 4 
Hybrid incompatibilities in the parasitic wasp genus Nasonia                        63 
Chapter 5 
Temperature stress increases hybrid incompatibilities 
in the parasitic wasp genus Nasonia                                                               89 
Chapter 6 
Ploidy rather than sex is the major determiner of 
hybrid incompatibilities in haplodiploid Nasonia wasps                               117 
Chapter 7 
Effects of backcrossing and inbreeding in establishing 
hybrid recombinant lines of N. vitripennis and N. longicornis                          155 
Chapter 8 
General discussion and conclusions                                                            181 
Chapter 9 
Appendix                                                                                                    197 
References                                                                                               199 
Nederlandse samenvatting                                                                       215 
Publications                                                                                             231 





Koevoets – hybrid incompatibilities in Nasonia 
10 
Introduction 
Speciation is one of the most debated concepts of evolutionary biology, which is 
illustrated by the numerous ways to define a species (reviewed by De Queiroz, 2007). 
One of the most commonly used principles, described individually by Wright, Mayr 
and Dobzhansky, is the Biological Species Concept and defines species as members of 
populations that interbreed and produce viable and fertile offspring in nature, or 
potentially would under laboratory conditions. What follows from this concept is the 
key role of reproductive isolation in understanding the processes that act during 
speciation. Reproductive isolation is defined as the absence of the exchange of genetic 
information between individuals and measured as the lack of viable and fertile hybrid 
offspring. There are numerous mechanisms by which reproductive isolation can be 
attained. These mechanisms are divided into two categories (reviewed by Coyne & 
Orr, 1998). Prezygotic reproductive isolation barriers are those that act before a 
zygote is formed. Most prezygotic barriers prevent mating (due to e.g. differences in 
mating behaviour, different seasons during which reproduction occurs, different 
geographic areas where reproduction occurs), however, also barriers that prevent the 
formation of zygotes upon mating are recognised (e.g. mechanical prevention of 
sperm transfer or usage). Postzygotic reproductive isolation barriers are those that act 
upon zygote formation and lead to inviability1, mortality or sterility of hybrid 
offspring. These fitness effects of hybridization are considered to be caused by 
disruptions in gene expression and regulation in the hybrid genome. 
With the advent of molecular techniques possibilities opened up for studying the 
genetic mechanisms underlying postzygotic isolation. Research is now focussing on 
the early stages of speciation, during which hybridization is still possible, but subtle 
genetic differences between populations gradually provide more and more selection 
pressure against the formation of hybrids due to a fitness decrease of hybrid offspring. 




1 Definitions on inviability and mortality differ in the stage of embryonic development at 
which lethality occurs and their use varies between researchers. Also, there is a fine line 
between these two terms, especially in organisms with different life stages. Therefore this thesis 
will not discriminate between the two terms and both are used interchangeably. 
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Postzygotic isolation and Dobzhansky-Muller interactions 
As merging the genomes of two species into a hybrid genome can result in hybrid 
mortality or sterility, it suggested the existence of genetic disruptions in hybrids. The 
evolution of such hybrid incompatibilities puzzled scientists based on their 
observations and hypotheses about the evolution of single loci: two diploid species 
carry different variants of a single locus and are fully functional (A1A1 in species 1 and 
A2A2 in species 2), while hybrid offspring with the A1A2 genetic combination are 
incompatible. Given the assumption that A1A1 is the ancestral state and A2A2 the 
derived, how could the A2 allele evolve from A1 and fixate in a new species, if the 
intermediate state A1A2 leads to incompatibilities in hybrids with the same genotype 
(see fig. 1.1A)? The problem was solved by Dobzhansky in 1937 and illustrated by 
Muller in 1940 and 1942, which became known as the Dobzhansky-Muller (DM) 
model for incompatibilities (reviewed by Orr, 1997). The model describes an ancestral 
diploid genotype with two interacting loci: A1A1B1B1 (see fig. 1.1B). Two populations 
become separated and evolve new alleles for either of the loci: in population  the A2 
allele evolves and fixates, whereas in population  B2 evolves and fixates. Allele A2 
Figure 1.1: The Dobzhansky-Muller two-locus model for hybrid incompatibility. 
A considers the evolution of a derived allele at a single locus. The derived A2A2 genotype cannot evolve 
from the ancestral A1A1 without going through the lethal A1A2 genotype. 
B considers two interacting loci that evolve derived alleles in separate populations. The difference 
between A and B is that in A the lethal hybrid genotype is equal to the intermediate state, whereas in B 
these differ. 
 •  =  ancestral genotype     =  derived genotype  
§  =  intermediate state ‡  =  lethal hybrid 
Koevoets – hybrid incompatibilities in Nasonia 
12 
The Dobzhansky-Muller model for hybrid incompatibilities is widely accepted as 
explanation for how genomes evolve and become incompatible with other genomes, as 
diverged genes can no longer interact properly. This leads to hybrid incom-patibilities and 
reproductive isolation between species (see fig. 1.1B). 
Both Dobzhansky and Muller are cited for describing the mechanism of epistasis 
(gene-interactions) and invoking these gene-interactions in explaining how something as 
evolutionarily unfavourable like sterility and mortality can evolve: hybrid sterility and 
mortality do not evolve as a trait, but are the outcome of genetic divergence. It has been 
argued that Bateson was first in publishing the Dobzhansky-Muller model for 
incompatibilities (Orr, 1996), as he reported on epistasis in 1909, well before Dobzhansky 
and Muller. However, although he did launch the term ‘epistasis’, the involvement of 
epistasis in Dobzhansky-Muller incompatibilities and genic speciation would have never 
found his support (Forsdyke, 2011). Bateson’s hypothesis about speciation can now best 
be explained by the result of neutral divergence rather than genic incompatibilities driving 
the speciation process, as proposed by Dobzhansky and Muller. Therefore, not 
underestimating his impact on epistasis, Bateson will not be named in this thesis when 
talking about negative epistatic gene-interactions that lead to sterility and mortality of 
hybrids, although the evolution of negative epistasis in species reproductively isolated by 
endosymbionts might fall in between the ideas of Bateson and Dobzhansky and Muller. 
Box 1.1: Dobzhansky, Muller and Bateson 
was subject to selection in interaction with B1, while B2 was selected in interaction 
with A1 and both ancestral A1 and B1 were coadapted in the ancestral species. When 
alleles A2 and B2 are forced to interact in the hybrid genotype A1A2B1B2, their 
interaction has not been subject to natural selection and this combination of genes is 
potentially disrupted in their functioning. These disruptions are referred to as negative 
epistatic gene-interactions, also known as Dobzhansky-Muller (DM) interactions (but 
see box 1.1), and they form the base for different theories on the evolution of patterns 
across gene incompatibilities like Haldane’s rule (described below) and they are 
hypothesized to function as genomic islands that drive the genetic divergence of 
physically closely linked genomic regions until complete genomes are prevented from 
gene flow between species (Feder & Nosil, 2010). 
With the advent of molecular tools for many different species, speciation research 
has focussed on the genetic mechanisms underlying hybrid incompatibilities. The 
genes at the base of these incompatibilities are referred to as speciation genes for their 
role in lowering hybrids fitness (but see Nosil & Schluter, 2011) and identifying these 
genes has become a focal point of speciation genetic research. The question was raised 
whether the genetic mechanisms underlying hybrid dysgenesis are similar across taxa. 
To date many speciation genes have been identified (mainly in Drosophila): e.g. Hybrid 
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male rescue (Brideau et al., 2006), Nucleoporin-96 (Presgraves, 2003), Zygotic hybrid rescue 
(Sawamura & Yamamoto, 1993), Odysseus H (Perez & Wu, 1995) and Xiphophorus 
melanoma receptor kinase 2 (reviewed by Schartl, 2008). However, no general pattern with 
respect to the pathways and genes that are particularly prone to cause hybrid 
incompatibility has yet been discerned (but see Presgraves, 2010). 
Haldane’s rule 
When studying hybridization patterns over many taxa, Haldane (1922) observed 
that “when in the F1 offspring of two different animal races one sex is absent, rare or 
sterile, that sex is the heterozygous [heterogametic] sex”. This means that male hybrids 
are more susceptible to hybrid incompatibility under male heterogamety (XX females 
and XY or XO males), while female hybrids are more susceptible under female 
heterogamety (ZW females and ZZ males). As the rule holds for the far majority of 
hybridizations studied to date (see table 1.1), Haldane’s rule is one of the best 
followed generalizations in evolutionary biology. 
Coyne & Orr (1989; 1997) studied the relationship between the level of 
postzygotic isolation and the genetic distance of various Drosophila species. The level 
of postzygotic isolation between two species is characterized by the viability and 
fertility of male and female hybrids that follow from reciprocal crosses. In short, one 
can expect incompatibilities in neither sex (0), in one sex and not the other (0.5) or in 
both sexes (1.0). They found that hybridizations with sex-specific incompatibilities 
involved much younger taxa (low genetic divergence) than hybridizations that showed 
incompatibilities of both sexes. They also found that these sex-specific 
incompatibilities followed Haldane’s rule in that males were more susceptible than 
females. These results put Haldane’s rule on the map as one of the first stages of the 
speciation process, as it is most prevalent at low levels of genetic divergence. Wu & 
Davis (1993) extended the analysis of Coyne & Orr by establishing that hybrid sterility 
evolved before hybrid inviability in Drosophila; a pattern later confirmed under female 
heterogamety in Lepidoptera (Presgraves, 2002). 
   


















Mammalia ♂ het.gam S 9 0 25 34
 I 4 0 1 5
Ave 
(birds) 
♀ het.gam S 3 1 21 24
 I 215 2 30 245
Reptilia ♀ het.gam S 0 1 0
 I 1 0 1
Amphibia Multiple S 0 1 0
 I 66 28 66
Teleostei Multiple S 5 0 5
(fish) I 6 37 6
Insecta 
Diptera ♂ het.gam S 17 0 112 129
 I 4 1 13 17
Hemiptera ♂ het.gam S 1 0 1
 I 1 1 1
Hymen- 
optera 
hap.dip S 0 0 0
 I 4 0 4
Coleoptera ♂ het.gam S 3 0 3
  I 13 1 1
Lepidop- 
tera 
♀ het.gam S 6 1 11 17
 I 4 1 29 33
Crustacea ♂ het.gam S 0 5 0
 I 0 0 0
Gastro- 
poda 
♀ het.gam S 0 1 0
 I 1 0 1
Nematoda ♂ het.gam S 0 0 0
 I 1 0 1
Total S N=44 10(19%) 169 213
 I N=308 71 (19%) 73 381
 
Table 1.1: Summary of studies on Haldane’s Rule (table 2 from Schilthuizen et al., 2011). 
Abbreviations: het.gam, heterogamety; hap.dip, haplodiploidy; S, sterility; I, inviability; 
HR, Haldane’s rule 
1 (Schilthuizen et al., 2011) 




DM- interactions and Haldane’s rule 
Haldane’s rule describes the early stages of speciation during which the 
heterogametic sex is more susceptible to hybrid incompatibilities than the 
homogametic sex and DM-interactions (disrupted gene interactions) are invoked to 
explain the evolution and existence of hybrid incompatibilities. Now the question was 
raised how these DM-interactions could explain the pattern described by Haldane’s 
rule, as understanding the genetic mechanisms that are responsible for this pattern 
might reveal the factors that drive speciation. Three theories, based on DM-
interactions, make predictions about the genetic mechanisms underlying Haldane’s 
rule: the dominance, faster-male and faster-X theories (see fig. 1.2). 
 
Figure 1.2: Schematic overview of the three theories explaining Haldane’s rule. 
The ovals contain the three main genetic theories that are commonly invoked to explain Haldane’s rule. 
The underlying assumptions of these theories are shown in the boxes with the dotted outline. The boxes 
with the solid outline show how the different theories and underlying assumptions would lead to 
Haldane’s rule. Derived alleles are those that have changed in either of the species compared to their 
most recent common ancestor (see fig. 1.1). 
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The dominance theory 
Muller was the first to hypothesize about the mechanisms underlying Haldane’s 
rule by introducing the dominance theory in 1940 (reviewed by Orr, 1997). He 
considered two interacting loci (A and B) with diverged alleles in two sister-species: 
derived A2 and ancestral B1 in species 1 and ancestral A1 and derived B2 in species 2 
(see fig. 1.1B). As gene combinations A1B1, A1B2 and A2B1 are coadapted in the 
ancestral and sister-species, these combinations are not expected to cause 
incompatibilities when combined in hybrid genomes. Only the interaction of both 
derived A2 and B2 alleles could potentially lead to hybrid incompatibilities, as their 
interaction has not been shaped by natural selection. If these two loci are both 
autosomal, male and female hybrids have the same hybrid genotype: A1A2B1B2. Both 
A2 and B2 have to be dominant for hybrid incompatibilities to manifest, because 
recessivity of either derived allele would be sufficient for compatible gene-interactions 
to mask incompatibilities. Regardless of the level of dominance, the incompatibilities 
would have similar effects in males and females as they have identical genomes 
(autosomes) and thus Haldane’s rule would not follow from such autosomal genic 
incompatibilities. However, if we assume that locus A is located on the X-
chromosome, then males and females have different genotypes. Female genotypes will 
be A1A2B1B2, while male genotypes will be A1B1B2 or A2B1B2 depending on the 
direction of the cross (♂ sp. 2 × ♀ sp. 1; ♂ sp. 1 × ♀ sp. 2). Hybrid females will show 
incompatibilities when both A2 and B2 are dominant. A1B1B2 males should not show 
incompatibilities as their single A1 allele is compatible with B1 (based on ancestor) and 
B2 (based on species 2). A2B1B2 males should show incompatibilities dependent on the 
dominance of allele B2 only, as A2 will be expressed regardless of dominance in the 
absence of A1. Using this model of recessivity of DM-interactions, Muller showed that 
when interactions between autosomal and sex-linked genes cause hybrid 
incompatibilities, the heterogametic sex has a higher chance to express 
incompatibilities than the homogametic sex, because recessive alleles with disrupted 
epistasis are more likely to manifest. 
Although the dominance theory seemed intuitive, Coyne (1985) first contradicted 
the theory based on results from Drosophila hybrids. He argued that if the dominance 
theory was true, then female hybrids carrying two X-chromosomes from one species 
should show the same sterility as male hybrids from the same species-pair carrying one 
X. He created these unbalanced females and found that, contradicting his hypothesis 
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based on the dominance theory, female hybrids were fertile. Based on these results, 
the dominance theory was falsified until the hypothesis was altered for sterility versus 
inviability, as genes causing sterility in males may not have the same effect in females, 
while genes inducing mortality are more likely to affect processes that are not sex-
specific (reviewed by Lindsley & Tokuyasu 1980). To test this hypothesis, Orr (1993) 
used Drosophila species that show hybrid inviability rather than sterility and created 
unbalanced female hybrids. As these unbalanced hybrid females were inviable, the 
dominance theory was revived and mathematical models were developed to better 
understand the evolution of Haldane’s rule under dominance effects (Turelli & Orr, 
1995; 2000; Orr & Turelli, 1996). The main synthesis of these models was that hybrid 
incompatibilities should always manifest in males (under male heterogamety) because 
males are heterogametic, while in females they should manifest as females contain 
twice as many alleles (on X) that are potentially disrupted. Only when the 
incompatibilities are partially recessive, Haldane’s rule can occur. One important 
addition to these predictions is that under male heterogamety Haldane’s rule is easier 
to obtain when male sterility loci evolve faster than female sterility loci and/or when 
the negative epistatic gene-interactions are more recessive (Turelli & Orr, 1995). This 
resulted in the relaxation of the requirement of partial recessiveness of the interacting 
alleles: in addition with a slightly faster accumulation of male mutations, most 
incompatibilities can give rise to Haldane’s rule. Summarizing, the dominance theory 
states that if epistatic interactions are partially recessive, then disrupted interactions 
between autosomal and sex-linked genes will give rise to Haldane’s rule. 
The majority of scientific evidence is in favour of dominance effects on hybrid 
incompatibilities. Presgraves (2003) found nearly all hybrid mortality loci to be 
completely recessive and they always interacted with the X-chromosome to cause 
Drosophila hybrid mortality. Tao & Hartl (2003) used Drosophila introgression lines and 
found recessive male sterility loci over the whole genome, with a higher density on the 
X-chromosome compared to the autosomes. Other studies underlining the 
recessiveness of hybrid incompatibilities are those by True et al. (1996), Jiggins et al. 
(2001), Slotman et al. (2005) and Bierne et al. (2006). 
 
The faster-male theory 
Wu & Davis (1993) and Wu et al. (1996) hypothesized that male genomes (genes 
expressed in males) evolve faster than female genomes (genes expressed in females) 
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due to stronger sexual selection on males. It follows that the interactions between the 
more diverged male-biased genes are more prone to disruptions in hybrid genomes 
than interactions between the less diverged female-biased genes. Additionally, 
spermatogenesis is hypothesized to be more sensitive to perturbations (like 
functioning in a hybrid genome) than female-specific processes like oogenesis. 
Evidence for more loci associated with male sterility than with female sterility comes 
from Drosophila introgression studies (Hollocher & Wu, 1996; True et al., 1996; Tao et 
al., 2003). Furthermore, male-biased genes have an accelerated rate of evolution when 
compared to female-biased genes (Civetta & Singh, 1995; Meiklejohn et al., 2003; 
Parisi et al., 2003), although contradicting results have also been found (Metta et al., 
2006). 
Although evidence for a faster evolution of male-biased genes exists, this is 
circumstantial evidence for the faster-male theory as it has not been shown that these 
diverged genes are also at the base of hybrid incompatibilities between species. 
Furthermore, the faster-male theory does not explain the sex-specific pattern of 
inviability, as faster evolving male-biased genes are more likely to be associated with 
sterility than mortality. Additionally, the faster-male theory cannot explain Haldane’s 
rule under female heterogamety, as in these systems faster-male effects predict 
patterns violating Haldane’s rule. Scientists supporting this theory refute these issues 
by accepting that Haldane’s rule is a composite phenomenon, affected by multiple 
mechanisms (first proposed by Coyne, 1992 not in relation to faster-male effects). 
Thus, dominance and faster-male effects act simultaneously in evoking Haldane’s rule 
for sterility under male heterogamety, but for patterns of inviability under male 
heterogamety and incompatibilities under female heterogamety, dominance effects 
overrule faster-male effects. 
 
The faster-X theory 
One phenomenon of hybrid incompatibilities is the large X-effect: the 
observation that many hybrid incompatibilities are located on the X-chromosome (e.g. 
True et al., 1996; Tao et al., 2003; Slotman et al., 2005) suggested a larger effect of the 
X-chromosome on incompatibilities than the autosomes (although the large-X effect 
could also be an artefact of the genetic mechanisms leading to Haldane’s rule, see fig. 
1.2). The third explanation of Haldane’s rule links to this large-X effect: the faster-X 
theory (Charlesworth et al., 1987). The theory states that recessive beneficial mutations 
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accumulate more easily under haploidy, like the genes on the X-chromosome that go 
through rounds of haploidy in males. This increases the evolutionary rate of the X-
chromosome compared to the autosomes. Although it has been found that genes on 
the X-chromosome are often more diverged than genes on the autosomes (e.g. Ford 
& Aquadro, 1996; Parisi et al., 2003; Begun et al., 2007; Baines et al., 2008, but see 
Betancourt et al., 2002; Thornton et al., 2006; Mank et al., 2010 for contradicting 
results), one problem of the faster-X theory is that it does not explain Haldane’s rule 
per se. It only predicts the more frequent involvement of the X-chromosome in 
incompatibilities than the autosomes due to its genetic divergence; dominance effects 
are invoked to explain how interactions between the X-chromosome and the 
autosomes affect the heterogametic sex differently than the homogametic sex. 
Furthermore, the fixation of recessive beneficial alleles already present in the 
population (e.g. neutral allele becoming beneficial due to environmental changes) is 
predicted not to be affected by dominance (Orr & Betancourt, 2001), contrary to the 
initial hypothesis (Charlesworth et al., 1987). 
Haldane’s rule and haplodiploidy 
As described above, the faster-male and dominance theories are most invoked to 
explain Haldane’s rule and are supported both by experimental studies and 
mathematical models. However, if dominance effects are so frequent in masking 
hybrid incompatibilities under heterozygosity, than laborious introgression studies 
have to be performed to study the incompatibilities. Easier and more straightforward 
solutions are at hand when studying recessive hybrid incompatibilities. Haplodiploid 
species consist of diploid females developing from fertilized eggs and haploid males 
developing from unfertilized eggs. Haploid males express all their allelic variants 
regardless of dominance and hybrid incompatibilities will therefore manifest when 
incompatible gene combination are present in a genome, regardless of dominance. 
This makes haplodiploid species very suitable for studying the genetic mechanisms 
underlying Haldane’s rule. To date, haplodiploidy has been banned from Haldane’s 
rule due to the lack of heteromorphic sex-chromosomes (Coyne & Orr, 1998), even 
though Haldane himself considered that “groups in which the male sex is haploid are 
only extreme cases of the normal type, in that all the chromosomes here behave like 
sex-chromosomes of other groups” (Haldane, 1922, page 101). 
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   Box 1.2: The biology of Nasonia
The hymenopteran genus Nasonia consists of four sister species: Nasonia vitripennis, 
N. longicornis, N. giraulti and N. oneida. The biology of N. vitripennis has been described in 
greatest detail (Whiting, 1967). N. vitripennis is a cosmopolitan parasitoid wasp and is 
sexually dimorphic: females are ±2 mm large, have black/brown antennae, brown femora 
and wings stretching beyond the abdomen. Males are ±1.7 mm, have yellow antennae, 
yellow/brown femora and wings that reach only to half of the abdomen. Adult females 
parasitize dipteran pupae by drilling a hole in the host’s puparium and deposit multiple 
eggs on the surface of the pupa. At 25C, eggs hatch within 24h, after which the larvae go 
through four laval instars and several pupal stages. The entire development takes 13 to 14 
days. Males eclose before females, but both sexes remain inside the host for 24h after 
eclosing until they emerge. Males emerge and wait outside the host for the females, upon 
which mating takes place. After mating, only females disperse to search and parasitize new 
hosts. The sex ratio of a clutch varies with the number of founding females, an adjustment 
made possible by haplodiploid reproduction: fertilized diploid embryos develop into 
females while unfertilized haploid embryos develop into males (Pultz & Leaf, 2003). 
The three other species of the genus, N. longicornis, N. giraulti and N. oneida, differ in 
morphology from N. vitripennis largely by male morphology: wings of N. giraulti / N. oneida 
males approximate the length of female wings, while N. longicornis male wings are 
intermediate to N. vitripennis and N. giraulti / N. oneida. Other differences between the 
species are, for instance, their development-time and courtship behaviour (Darling & 
Werren, 1990; Assem & Werren, 1994; Raychoudhury et al., 2010a). N. longicornis and 
N. giraulti / N. oneida have only been identified in North America (West and East 
respectively). Molecular analyses of the genus have indicated that the species split during 
the Pleistocene between 0.2 and 1 Mya, see fig. 1.5 (Campbell et al., 1993; Raychoudhury et 
al., 2010a). The availability of whole genome sequences of all four species (N. oneida is not 
available in the original publication, Werren et al., 2010) confirmed these genetic 
divergence levels and opened the possibilities for genome-wide molecular techniques in 
Nasonia. 
The species are reproductively isolated by infections with different strains of Wolbachia, 
but they are cross fertile when cured from their infection (Breeuwer, 1992; Breeuwer & 
Werren, 1995; Bordenstein et al., 2001). Due to haplodiploid reproduction, the F1 
generation only contains hybrid females as (non-hybrid) male genomes are formed 
without a paternal contribution. These hybrid F1 females, however, produce hybrid F2 
males with unique recombined maternal genomes. The genic incompatibilities that are 
encountered upon hybridizing N. vitripennis and N. longicornis will be discussed throughout 
this thesis.  
 
Picture by Peter Koomen shows Nasonia 
males of N. vitripennis (left), N. longicornis 
(middle) and N. giraulti (right). 
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Figure 1.4: setup for creating intro-
gression lines by Breeuwer & Werren
(1995). 
Grey and black represent the
N. vitripennis and N. giraulti genomes
respectively. 
Underneath each female the
percentage N. giraulti nuclear DNA is
given. 
Hybrid incompatibilities in haplodiploid species 
The haplodiploid Nasonia genus consists of four 
parasitic wasp species (see box 1.2) and has been used 
to study hybrid incompatibilities. Breeuwer & Werren 
(1995) tested hybrids of N. giraulti and N. vitripennis 
for their level of hybrid incompatibilities. As F1 
female incompatibilities were not expected due to 
complete heterozygosity, the authors merely 
perceived that F1 hybrid females were “healthy and 
fecund”. F2 hybrid males, however, showed high 
levels of mortality (see figure 1.3B) and slight sterility, 
mostly due to locomotor dysfunctionalities. N. 
giraulti cytoplasm in combi-nation with a 
heterospecific nuclear genome induced more 
mortality than N. vitripennis cytoplasm. Timing of 
hybrid male mortality was during the larval and 
pupal stages of development. Because introgressing 
N. giraulti nuclear DNA into N. vitripennis cytoplasm 
Figure 1.3: Mortality of hybrid and pure Nasonia F2 males 
(A) N. giraulti × N. longicornis and (B) N. vitripennis × N. giraulti. The X-axis shows the F1 genotype (the 
first letter represents the paternal species, the second the maternal species) with the cytotype between 
brackets. The black bars represent egg numbers and the grey bars the number of adult males; the 
difference indicates mortality. 
Figures after Bordenstein et al. (2001) and Breeuwer & Werren (1995). 
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Figure 1.5: Phylogenetic tree from the 
Nasonia genus based on the ITS2 region 
(from Campbell et al., 1993). Tree under 
maximum parsimony, with percentages 
of 2000 bootstrap simulations. N. oneida 
was undiscovered at the time of 
publication, but closely resembles 
N. giraulti (Raychoudhury et al., 2010a) 
(see fig. 1.4) rescued male mortality, it was assumed that disrupted interactions 
between N. giraulti and N. vitripennis nuclear genes caused hybrid incompatibility. 
Introgressing N. vitripennis nuclear DNA into N. giraulti cytoplasm proved impossible, 
indicating additional incompatibilities between the N. vitripennis nuclear genome and 
N. giraulti cytoplasm (cytonuclear incompatibilities).  
Bordenstein et al. (2001) tested hybrid incompatibility of the closely related 
N. giraulti and N. longicornis and found no mortality that could be attributed to 
hybridization (see fig. 1.3A). Together with the lack of F2 male sterility, this suggested 
a lack of hybrid incompatibility between N. longicornis and N. giraulti, in line with the 
short divergence-time between the two species (see fig. 1.5). 
Gadau et al. (1999) investigated the genetic base of nuclear-nuclear hybrid 
incompatibility between N. vitripennis and N. giraulti using RAPD (random amplify-
cation of polymorphic DNA) molecular markers. Crosses between N. vitripennis and an 
introgression line with N. giraulti nuclear DNA in N. vitripennis cytoplasm were 
performed to exclude cytonuclear incompatibilities. The authors found four 
significant interactions between nuclear genes associated with hybrid mortality (see fig. 
1.6A). They also found that the parental alleles recovered in F2 hybrids were biased 
towards N. vitripennis alleles (corresponding with the cytotype) indicating the existence 
of cytonuclear incompatibility, maternal-zygotic incompatibility and higher-order 
incompatibilities. Niehuis et al. (2008) performed a detailed examination of the 
incompatibilities between N. vitripennis and N. giraulti using various molecular markers 
(microsatellites, sequence-tagged sites and single nucleotide polymorphisms). They 
tested the ratio of parental alleles for deviations of the expected 1:1 transmission in 
both embryos and adults. The genomic regions significantly biased towards either 




Figure 1.6: linkage map of interspecific crosses between N. vitripennis and N. giraulti. 
A: Map based on RADP markers (from Gadau et al., 1999). 
* markers with significantly biased recovery of parental alleles, four interacting loci are marked A to D. 
B: Map based on STS, msat and SNP markers (from Niehuis et al., 2008). Grey bars represent the 
TRDLs in different cytotypes (between brackets). 
Note that linkage groups in A are not similar to chromosomes in B. The chromosomal location of the 
linkage groups in A remains unidentified. 
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results showed that (out of the 5 Nasonia chromosomes) chromosomes 1, 2, 4 and 5 
contained TRDLs and that these TRDLs depended on the cytotype of the hybrids. 
N. vitripennis cytoplasm was incompatible with more TRDLs than N. giraulti cytoplasm. 
Since this contrasted the high levels of mortality found in hybrids with N. giraulti 
cytoplasm, this result was largely attributed to the incomplete genome coverage with 
molecular markers. The location of the TRDLs in the reciprocal N. vitripennis and 
N. giraulti hybrids is shown in fig. 1.6B. 
Cyto-nuclear incompatibilities 
The studies by Breeuwer & Werren (1995) and Niehuis et al. (2008) showed an 
effect of cytoplasm on hybrids mortality of N. vitripennis and N. giraulti, suggesting a 
disrupted interaction of the cytoplasm and the nucleus (cytonuclear incompatibility). 
Many cytonuclear interactions suggest strong coevolution of the interacting genes 
(reviewed by Rand et al., 2004), as during evolution many of the genes necessary for 
various mitochondrial processes were translocated to the nuclear genome resulting in 
minimization of the mitochondrial genome size. Mitochondria import these gene-
products from the nucleus to sustain their function, resulting in cytonuclear 
coadaptation. There are two major processes where nuclear and mitochondrial gene-
products interact: in the electron transport chain during oxidative phosphorylation 
(OXPHOS) (reviewed by Rand et al., 2004) and in the system of mitochondrial 
replication (reviewed by Clayton, 1991). During OXPHOS, nuclear and mitochondrial 
proteins cluster to form four interacting complexes (only complex II consists solely of 
nuclear proteins). The proteins in these clusters form tight bonds to ensure the 
production of the energy-rich ATP (see fig. 1.7). In humans, complex I 
(NADH:ubiquinone oxidoreductase) consists of 7 mitochondrial and 25 nuclear 
proteins, complex II (succinate:ubiquinone oxidoreductase) of 4 nuclear proteins, 
complex III (ubiquinol:ferricytochrome c oxidoreductase) of 1 mitochondrial and 10 
nuclear proteins, complex IV (cytochrome c oxidase) of 3 mitochondrial and 10 
nuclear proteins and complex V (ATP synthase) of 2 mitochondrial and 11 nuclear 
proteins (reviewed by Poyton & Mcewen, 1996). Not only are there strong 
intracomplex interactions, also processes between complexes and other gene products 
are important. For instance cytochrome c, that transports electrons between 
complexes III and IV, has to be able to interact closely with these complexes in order 
to transfer its electrons (Blier et al., 2001). This results in strong coevolution of nuclear 
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Figure 1.7: Protein complexes of the electron transport chain. The dark grey peptides are encoded 
by mtDNA, the light grey are encoded by nuclear DNA (from Blier et al., 2001). 
 
and mitochondrial genes within species and increased divergence between species. 
Research using introgression lines of nuclear DNA in foreign cytoplasm and in vitro 
oxidative potential essays with ‘hybrid’ protein complexes showed that cyto-nuclear 
incompatibility can lower the oxidative potential and be detrimental to hybrids 
(Edmands & Burton, 1999; Rawson & Burton, 2002), even between populations of 
the same species. Using the same in vitro method, Ellison et al. (2008) showed that F2 
hybrids of N. vitripennis and N. giraulti have a lower oxidative potential than both 
Nasonia pure species. This suggested that the hybrid mortality and TRDLs found by 
Niehuis et al. (2008) are caused by disruptions of the OXPHOS pathway in hybrids. 
The other type of interactions between nuclear and mitochondrial genes are 
based on the mechanism of mitochondrial replication, as mitochondria import 
nuclearly encoded DNA and RNA polymerases (Scarpulla, 1996) Although currently 
not under much scientific consideration in causing hybrid incompatibilities, it is 
possible that incorrect nuclear polymerases fail to properly initiate mitochondrial 
replication in hybrids. This would lead to a deficiency of mitochondria and thus a lack 
of energy. 
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Outline of this thesis 
This research focusses on hybrid incompatibilities between Nasonia vitripennis and 
N. longicornis. These species were chosen as they are the only diverged sister-species in 
Nasonia not investigated for these incompatibilities. I will focus on identifying the 
genomic regions involved in these incompatibilities and test the effects of stress on 
their manifestation. I will also test whether the incompatibilities follow predictions 
based on Haldane’s rule and use novel RNA interference techniques to investigate the 
genetic mechanisms underlying sex-specific incompatibilities in Nasonia hybrids. 
Finally, I will identify candidate speciation genes by performing detailed genotyping of 
hybrid recombinant lines. 
The theories underlying Haldane’s rule are described in more detail in chapter 2. 
Here, I also discuss whether these theories should apply under haplodiploidy, how 
haplodiploidy alters the expectations of Haldane’s rule and how haplodiploidy can be 
uniquely employed to test Haldane’s rule. 
In chapter 3, I report on the development of a large set of microsatellite markers 
using the published Nasonia genome sequences. The microsatellite markers are tested 
on a core set of Nasonia strains (the NASCORE) in order to test their amplification 
across the Nasonia genus and their use in population genetics. 
The hybrid incompatibilities between N. vitripennis and N. longicornis are measured 
for both F1 diploid hybrid females and F2 haploid hybrid males. These results are 
discussed in chapter 4 and show a sex-specific response to hybridization following 
Haldane’s rule. Hybrid male mortality is largely determined by several nuclear loci that 
differ in their effect in the reciprocal crosses. This suggests that disruptions of the 
interaction between nuclear and cytoplasmic genes lead to F2 male mortality in Nasonia 
hybrids. Comparing the number and genomic location of incompatibility loci to the 
previously studied species pairs reveals that similar results were obtained compared to 
hybrids of N. vitripennis and N. giraulti (Niehuis et al., 2008) and both studies indicate 
cytonuclear hybrid incompatibilities. 
In chapter 5 I evaluate F2 hybrid incompatibilities under temperature stress. 
Stress increases both hybrid mortality and sterility, suggesting that hybrid genomes are 
unstable with regard to their gene-interactions and extreme environmental conditions 
can disrupt the fragile homeostasis of hybrids. 
The effect of Haldane’s rule in Nasonia found in chapter 4 is investigated further 
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in chapter 6. To explore the separate effects of heterozygosity and maleness, diploid 
males are constructed using RNA interference against the Nasonia transformer gene. 
Overall, diploid hybrid males and females show equal levels of incompatibilities, both 
in mortality, sterility and transmission ratio distortion. The results suggest that both 
dominance and (previously underestimated) dosage effects explain the observation of 
Haldane’s rule in Nasonia. 
To increase the resolution of the genetic mapping of incompatibilities and to 
study purging of parental alleles from hybrid strains, hybrid recombinant lines of 
N. vitripennis and N. longicornis are analysed in chapter 7. The results showed an 
unbalance in the proportion of purges alleles: purging of N. longicornis nuclear DNA 
occurred when the initial percentage of N. longicornis DNA was below 75%; above this 
value all N. vitripennis nuclear DNA was purged. This confirms the presence of 
incompatibilities between nuclear and cytoplasmic genes, but also indicates nuclear-
nuclear incompatibilities. SNP analysis indicated that it is possible to translocate most 
of the N. longicornis genome to N. vitripennis cytoplasm. Specific genomic regions that 
largely follow the results from chapters 4, 5 and 6, are prevented from translocation, 
likely due to genic incompatibilities. The genes encoded by these regions are putative 
speciation genes. 
All results of the previous chapters are synthesized in chapter 8. I will discuss the 
use of haplodiploid species in speciation research and the use of laboratory controlled 
hybridization studies in the quest for understanding the genetics that underlie the 
process of speciation. 
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HALDANE’S RULE AND HAPLODIPLOID 
REPRODUCTION 








The process of speciation has puzzled scientists for decades, but only recently 
have they been able to reveal the genetic basis of reproductive isolation. Much 
emphasis has been on Haldane’s rule, the observation that the heterogametic sex 
often suffers more from hybridization than the homogametic sex. Most research on 
Haldane’s rule has focused on diploid organisms with chromosomal sex-
determination. We argue that species lacking chromosomal sex-determination, such 
as haplodiploids, also follow Haldane’s rule and thus should be included in the 
definition of this rule. We provide evidence for Haldane’s rule in Nasonia wasps and 
describe how haplodiploids can be used to test the different theories that have been 
proposed to explain Haldane’s rule. We discuss how the faster-male and faster-X 
theories can shape speciation differently in haplodiploids compared to diploids. 
 
Heredity (2009), 102, 16-23. 
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Introduction 
Although much has been learned about the process of speciation since the 
publication of Darwin’s “The Origin of Species”, studies into the genetic basis of 
speciation are largely of recent time (Wu & Ting, 2004; Orr et al., 2004). Two main 
categories of reproductive isolation are traditionally distinguished: prezygotic isolation 
comprising all possible processes that prevent fertilization, and postzygotic isolation 
covering all phenomena of reduced fertility and viability of hybrid individuals (Coyne 
& Orr, 2004). The genetics of prezygotic isolation is mostly concerned with the genes 
that are subject to sexual selection, for example genes for courtship behaviour, 
chemical communication and colour patterns. The genetics of postzygotic isolation is 
aimed at identifying the genetic causes for sterility and inviability of hybrids. Since 
sterility and inviability may have many different causes, the genetics of postzygotic 
isolation appears to cover a larger array of genes. 
Much effort is currently put into uncovering the (changes in) genes and molecules 
that lead to postzygotic hybrid incompatibilities. Such genes are often referred to as 
“speciation genes” and the field of study as “genetics of speciation” (Orr et al., 2004). 
A number of genes causing hybrid sterility or inviability have been identified (Noor & 
Feder, 2006; Mallet, 2006), but details on their exact function and interactions with 
other genes are often still missing. Although it is too early to infer general patterns of 
gene-interactions causing hybrid incompatibilities, these studies have already been 
instrumental in suggesting that hybrid dysgenesis may often be due to disrupted 
interactions between nuclear genes (nuclear-nuclear incompatibilities) or between 
nuclear and cytoplasmic genes (cytonuclear incompatibilities). A gene involved in 
causing nuclear-nuclear incompatibilities is the nuclear pore protein (nup96, see 
Presgraves, 2003). The gene plays a role in cytonuclear trafficking of RNAs and 
proteins and causes inviability in hybrids between Drosophila melanogaster and 
D. simulans. Recent studies also point towards alterations in gene regulation as possible 
causes for hybrid incompatibilities (Barbash et al., 2003; Brideau et al., 2006; Landry et 
al., 2007). Research on cytonuclear incompatibilities has recently focused on the 
disruption of oxidative phosphorylation due to mismatches between nuclear and 
mitochondrial encoded subunits (Rawson & Burton, 2002; Ellison & Burton, 2006; 
Niehuis et al., 2008). 
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Figure 2.1: Inheritance under different sex-determination mechanisms. 
For male and female heterogamety, the heteromorphic sex-chromosomes are shown (XX and XY under 
male heterogamety and ZW and ZZ under female heterogamety). Haplodiploidy lacks heteromorphic 
sex-chromosomes and thus one set of autosomes is shown. 
The role of reproductive mode in the evolution of reproductive isolation has 
received very little attention. Almost all animal species that have been studied in the 
context of the genetics of speciation are diploid and sexual, with a large focus on 
Drosophila. Interestingly, many genic incompatibilities in a variety of species involve 
the X-or Z-chromosome (e.g. True et al., 1996; Presgraves, 2003; Masly & Presgraves, 
2007), and this lies at the basis of Haldane’s rule. Haldane’s rule states that “when in 
the offspring of two different animal races one sex is absent, rare or sterile, that sex is 
the heterozygous [heterogametic, i.e. XY or ZW] sex” (see below). In other words, the 
haploid sex-chromosome in diploids appears to have a disproportionate effect on 
hybrid incompatibility. This opens the question to what extent our current knowledge 
of speciation genetics applies to other reproductive systems, such as haplodiploidy. 
Under haplodiploidy males develop from unfertilized eggs and are haploid, whereas 
females arise from fertilized eggs and are diploid (fig. 2.1). Thus, in haplodiploids, the 
complete genome is always present in a single copy in males, similar to the sex-
chromosome in one of the sexes under chromosomal sex-determination. Even though 
the system of haplodiploidy offers intriguing opportunities for testing existing theories 
on speciation, the number of studies focusing on postzygotic isolation in 
haplodiploids is still limited (table 2.1). 
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In this chapter we discuss the role of haplodiploid reproduction in the genetics of 
postzygotic isolation. We first consider whether and how Haldane’s rule applies to 
organisms with haplodiploid reproduction in the absence of heteromorphic sex-
chromosomes. We argue that the explanations that have been proposed for causing 
Haldane’s rule can also be applied to haplodiploids. We show how haplodiploids can 
be very instrumental in testing some of these hypotheses. Throughout we address a 
number of intriguing questions. If the haploid [heterozygous] sex-chromosome is so 
important in the genetics of postzygotic isolation in diploids, what will be the effect if 
the whole genome is inherited in a haplodiploid fashion? Is the evolution of gene 
variants and gene regulation inherently different under haplodiploidy? Do genes that 
are male biased in their expression and always undergo selection in a haploid 
Species Type of reproductive isolation Reference 






(Breeuwer & Werren, 1990) 
(Bordenstein et al., 2003) 
(Tram et al., 2006) 
Nasonia longicornisgiraulti No hybrid incompatibilities (Bordenstein et al., 2000) 
Nasonia vitripennis giraulti 
F2 male hybrid inviability, no 
sterility 
(Breeuwer & Werren, 1995) 
(Gadau et al., 1999) 
(Niehuis et al., 2008)  
Pachycrepoideus dubius No incompatibility (Vavre et al., 2002) 
Tetranychus urticae Cytoplasmic incompatibility (Vala et al., 2003) (Gotoh et al., 2007) 
Tetranychus urticaeturkestani Cytoplasmic incompatibility (Breeuwer, 1997) 
Tetranychus urticae F1 female hybrid inviability and sterility (Perrot-Minnot et al., 2004) 
Trichogramma kaykaideion 
F1 female hybrid inviability 
and sterility (Jeong & Stouthamer, 2006) 
Trichopria drosophilae Cytoplasmic incompatibility (Vavre et al., 2002) 
 Most studies have shown that Wolbachia acts as an isolation mechanism by causing cytoplasmic 
incompatibility. Few studies have investigated the effect of hybridization on the genome level. They 
reveal that hybrid incompatibilities play a role in reproductive isolation.  
Table 2.1: Overview of studies on postzygotic isolation in haplodiploids 
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background, diverge in a different fashion as compared to genes expressed in a diploid 
background? Our overall aim is to consider the effects of haplodiploidy on the 
evolution of postzygotic isolation and the possible implications for the rate of 
speciation in haplodiploid organisms. 
Does Haldane’s rule apply to haplodiploids? 
Haldane’s rule describes the phenomenon that in hybrids the heterozygous or 
heterogametic sex suffers more often from hybridization than the homogametic sex 
(Haldane, 1922). It has been established as one of the best followed rules in 
evolutionary biology, and has been shown to apply to mammals, birds and insects (see 
Orr, 1997; Presgraves, 2002). Since Haldane’s rule describes only those cases where 
one sex suffers from hybridization, part of the research on Haldane’s rule has focused 
on why some hybridizations result in differential sex-specific effects, while other 
hybridizations affect both sexes equally (Coyne & Orr, 1997). The results showed that 
for the more diverged taxa both sexes tend to suffer from the incompatbilities equally, 
while the less diverged taxa show more asymmetrical incompatibilities and thus tend 
to obey Haldane’s rule. The conclusion from this study is that Haldane’s rule applies 
to relatively early stages of the speciation process. 
The simplest genetic model for explaining Haldane’s rule is a two-locus two-allele 
system (reviewed by Orr, 1997). Both loci diverge independently in populations under 
isolation, through drift and/or selection. Upon reunion of both populations, the 
different alleles of the two genes are combined into a single individual. This results in 
negative epistatic interactions, the so-called Dobzhansky-Muller (DM) interactions 
(see box 2 in Wu & Ting, 2004 and fig. 1.1 in chapter 1). Even though it is now widely 
accepted that DM-interactions cause hybrid incompatibilities (e.g. Bierne et al., 2006; 
Payseur & Place, 2007), the reason why mostly the heterogametic sex suffers from 
these incompatibilities has found less consensus. The three main theories about the 
genetic basis of Haldane’s rule (the dominance, faster-male and faster-X theories) will 
be discussed later. 
Haldane’s rule has now been shown to apply to 151 animal species-pairs with a 
XX-XY and 161 with a ZZ-ZW sex determining system (from table 1 in both Orr, 
1997; Presgraves, 2002). All these organisms are diploid and have chromosomal sex-
determination in which one sex is heterozygous and the other homozygous for a pair 
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of heteromorphic sex-chromosomes. A closer look at the three theories that seek to 
explain Haldane’s rule shows that it can even be applied to species without 
chromosomal sex-determination. Hence, Haldane’s rule can be interpreted as an 
intermediate step in speciation that is applicable to all sexually reproducing organisms. 
Haplodiploids, which occur among Rotifera, Nematoda, Arachnida and a significant 
fraction of all insect species (Mable & Otto, 1998), form a large group of organisms 
that may obey Haldane’s rule. Although the number of investigated haplodiploids is 
still limited, data indicate that haploid males suffer more from hybridization than 
diploid females when only one sex is affected by the hybridization (see below). 
However, to accommodate the inclusion of haplodiploids in the rule, its definition 
needs to be somewhat broadened into “when in the offspring of two different animal 
races one sex is absent, rare or sterile, that sex is the heterogametic or hemizygous sex”. 
Below we will deal with the three theories explaining Haldane’s rule (also discussed in 
chapter 1) and discuss how haplodiploids obey Haldane’s rule. 
The genetics of Haldane’s rule and haplodiploidy 
The dominance theory 
Muller was the first to describe the mechanisms underlying Haldane’s rule by 
introducing the dominance theory (reviewed by Orr, 1997). This theory assumes that 
there are two loci (A and B) interacting with each other: alleles A1 and A2 at locus A 
and B1 and B2 at locus B (A2 and B1 are fixed in species 1 and A1 and B2 are fixed in 
species 2), where A2 and B2 cause hybrid incompatibility (see fig. 1.1B). If these two 
loci are both autosomal, then male and female hybrids have the same hybrid genotype 
(A1A2B1B2). Both alleles A2 and B2 have to be dominant in order for these hybrids to 
be inviable or sterile. If we assume that locus A is located on the X-chromosome 
(under male heterogamety), there will be two effects: (1) males and females have 
different genotypes, and (2) the effect of the hybridization on the males will depend 
on the direction of the cross. When a female of species 2 mates with a male from 
species 1, then male offspring will have the A1B1B2 genotype, which will not lead to 
hybrid incompatibilities. But if a female of species 1 hybridizes with a male of species 
2, the male offspring will have the A2B1B2 genotype, while female offspring will have 
the A1A2B1B2 genotype. For the female genotype to show hybrid incompatibilities still 
both A2 and B2 have to be dominant, while for the male genotype to show 
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incompatibilities only the B2 allele has to be dominant. Under such a scenario, 
incompatibilities have a higher chance to affect males than females.  
Under haplodiploidy, the dominance theory will lead to Haldane’s rule only if the 
derived alleles are (partially) recessive. Under haplodiploidy, females develop from 
fertilized eggs and are diploid, while males develop from unfertilized eggs and are 
haploid. This implies that the F1 generation of a hybrid cross consists of hybrid 
females but pure-species males of maternal origin. The first generation of hybrid 
males is produced by the hybrid F1 females. Although this is usually considered the F2 
generation, it is technically the F1 hybrid male generation. The F2 males will suffer 
more from the hybrid incompatibilities than the F1 females because of their 
completely haploid genome. An interesting consequence of haplodiploidy is that DM-
interactions are not restricted to the autosomes and the X-chromosome as in diploids, 
but can occur in all gene-interactions (fig 2.2). The dominance theory is tested rather 
easily in the haplodiploids because all negative epistatic interactions are immediately 
expressed in haploid males. 
 
The faster-male theory 
Wu & Davis (1993) proposed that hybrid male sterility loci accumulate faster than 
Figure 2.2: Simplified model of epistatic interactions in hybrids under different modes of sex-
determination. Differently coloured chromosomes are from different species. Dominant alleles are black
and recessive alleles are grey. The occurring epistatic interaction is given by the solid-black arrow. 
Negative epistatic interactions are indicated by a cross through the arrow. A=autosome. 
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hybrid female sterility loci, due to either the ease at which spermatogenesis is 
disrupted or sexual selection that drives a faster accumulation of mutations in males 
than in females. These simple assumptions lead to the second theory explaining 
Haldane’s rule: the faster-male theory. This theory predicts that, because males evolve 
faster than females due to sexual selection, male hybrids have a higher chance of 
having disrupted gene-interactions and thus show more incompatibilities than female 
hybrids. Evidence for faster evolution of males with regard to sterility was found by 
Hollocher & Wu (1996), True et al. (1996) and Tao et al. (2003), who performed 
introgression experiments with different Drosophila species. All these studies found 
more genomic regions causing sterility in males than in females. Meiklejohn et al. 
(2003) showed that male-biased genes have an accelerated rate of protein evolution 
when compared to genes that are female-biased in their expression and Parisi et al. 
(2003) found this increased rate of evolution only when comparing testes to ovaries 
but not when comparing somatic tissue. Metta et al. (2006), however, did not find 
faster evolution of the male genes in D. pseudoobscura, possibly due to a different action 
of sexual selection in this species. 
Although many studies seem to support the faster-male theory, there are two 
problems with this theory. Firstly, it only explains sterility and not inviability. It is 
generally considered that male sterility loci do not affect female fecundity, while 
inviability loci affect both males and females (Lindsley & Tokuyasu 1980; Orr, 1993; 
Johnson & Wu, 1993; Turelli & Orr, 1995; Hollocher & Wu, 1996; Coyne & Orr, 
1998; Johnson, 2000). Moreover, male sterility appears to evolve faster than inviability, 
as shown by Hollocher & Wu (1996) and Tao & Hartl (2003), who found male 
sterility loci in a far greater frequency than loci causing lethality loci Drosophila species. 
Scientists reconcile the faster male theory with the ‘inviability problem’ by accepting 
that both the dominance and the faster-male theory are needed to explain Haldane’s 
rule. The second problem with the faster male theory is that it does not explain 
Haldane’s rule under female heterogamety, where the female sex is more affected by 
hybridization. Scientists solve the ‘female heterogamety-problem’ by accepting that 
Haldane’s rule is a composite phenomenon that is not explained by only one theory 
(Wu & Davis, 1993). To explain Haldane’s rule under female heterogamety the forces 
of dominance effects must be so strong that they overcome faster-male effects. 
If the faster-male theory is responsible for Haldane’s rule in haplodiploids, then 
male-biased genes should diverge faster than female-biased or neutral genes as in 
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diploids. This increases the chance that males suffer from hybridization. The 
difference between the dominance and the faster-male theory is that the faster-male 
theory predicts that genes with a male-biased expression diverge faster than female- or 
unbiased genes, and cause hybrid incompatibilities regardless of their chromosomal 
location. As under diploidy male sterility loci are expected to be distributed over the 
entire genome (see table 2.2). This calls for studies of sex-specific gene expression and 
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Table 2.2: Comparison of the different theories underlying Haldane’s rule and their implications 
under different types of reproduction. 
Differences in predictions between haplodiploidy and diploidy are shown in bold. 
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The Faster-X theory 
The large X-effect refers to the observation that many of the regions involved in 
hybrid incompatibilities are located on the X-chromosome. Although several studies 
have provided evidence in favour of this effect (Masly & Presgraves, 2007 and 
references therein), contradicting results have also been found (Hollocher & Wu, 
1996). Charlesworth et al. (1987) already suggested that the X-chromosome had a 
larger effect on incompatibilities than the autosomes and proposed the faster-X 
theory. It assumes that new beneficial mutations within a species’ genome are 
recessive and therefore accumulate more easily in a hemizygous state. This results in 
an increased rate of evolution on the X-chromosome compared to the autosomes. A 
faster evolving X-chromosome could lead to Haldane’s rule if (1) the negative epistatic 
interactions are partially recessive and work between the sex-chromosome and the 
autosomes (so in fact the dominance theory) or (2) the genes that cause hybrid 
incompatibilities affect only the heterogametic sex (if the faster evolving genes are 
only expressed in the heterogamous sex). 
The faster-X theory is less supported by data than the dominance and faster-male 
theories. True et al. (1996) found a higher density of male sterility loci on the X-
chromosome than on the autosomes, leading them to believe that this is due to faster 
accumulation of mutations. It leads to the prediction that mutations in genes on the 
X-chromosome will have a male-biased or unbiased expression (the unbiased ones 
accumulate at a slower pace), while the female-biased genes on the X-chromosome 
should have no increased mutation rate as compared to the autosomes. 
At first sight, one might think that the faster-X theory does not apply to 
haplodiploids simply because they lack heteromorphic sex-chromosomes. However, 
the underlying genetic mechanism of the faster-X theory could be very important for 
the evolution of haplodiploid species, because male hemizygosity of the complete 
genome might ease the fixation of beneficial mutations in male-biased and unbiased 
genes. Considering that the name of the faster-X theory is confusing for both female 
heterogamety and haplodiploidy, we will refer to this theory as the “faster-
hemizygous-chromosome theory” for the remainder of the article. 
Under haplodiploidy, the faster-hemizygous-chromosome theory would give rise 
to Haldane’s rule. Since the whole genome goes through rounds of haploidy, all male-
biased genes are expected to evolve faster, not just those located on the X-
chromosome as in diploids. Unbiased genes will diverge faster than female-biased 
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genes because they are haploid in 1/3 of all cases under a 50:50 sex ratio (table 2.2). 
Male-biased genes will have the largest divergence. This makes the distinction between 
the faster-hemizygous-chromosome theory and the faster-male theory less profound 
in haplodiploids when considering male-biased genes. In contrast, the difference 
between both theories is expected to be clearer when considering unbiased genes. 
Genes that are not sex specifically expressed should be more diverged under the 
faster-hemizygous-chromosome theory than under the faster-male theory. A 
cautionary note is that under very low sex ratios (few males in the population) the 
unbiased genes will evolve mostly under diploidy because they exist for the larger part 
in females. Interestingly, if the faster-hemizygous-chromosome theory applies to 
hybrid incompatibilities in haplodiploids, it predicts that male-biased genes of 
haplodiploids diverges faster than those of diploids, due to the ease at which recessive 
mutations are selected for under haploidy. 
Evidence for Haldane’s rule in haplodiploids 
Research on postzygotic isolation in haplodiploids has mostly revealed 
cytoplasmic incompatibilities due to Wolbachia infections (see table 2.1). Studies 
focussing on genic incompatibilities in haplodiploids are scarce and usually do not 
proceed past the point of identifying the fitness effects of hybridization. In the mite 
Tetranychus urticae, Perrot-Minnot et al. (2004) crossed different strains and in the 
parasitic wasp genus Trichogramma, Jeong & Stouthamer (2006) crossed the two species 
T. deion and T. kaykai. Both studies found large hybrid incompatibilities in the F1 
females. This indicates that speciation has progressed passed the point of Haldane’s 
rule for these entities. However, there is a problem with identifying Haldane’s rule in 
these cases. In diploids, a species can only undermine Haldane’s rule when the 
homogametic sex suffers more from hybridization than the heterogametic sex. In 
haplodiploids the effect of hybridization on males cannot be measured when the 
hybrid females are sterile or inviable, because hybrid males can only be produced in 
the F2 generation by breeding F1 hybrid females (fig. 2.1). Therefore it is difficult to 
determine how many haplodiploid species follow Haldane’s rule. But for those 
haplodiploid species for which hybrid breakdown of F2 males has been found, 
pinpointing the genetics underlying Haldane’s rule remains important. 
Nasonia wasps (see box 1.2) have been used extensively in studies on the genetics 
of postzygotic isolation. Breeuwer & Werren (1995) looked at hybrid incompatibilities 
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in crosses between N. vitripennis and N. giraulti. Slightly fewer F1 females were found in 
one hybrid cross compared to the control crosses, however, most surviving females 
were viable and fertile (fig. 1.3). The fact that slightly fewer females were produced 
could not be linked to F1 mortality because the egg-production of the mothers was 
not measured. Data on crosses between N. vitripennis and N. longicornis show that F1 
hybrid females suffer from few incompatibility problems (chapter 4). The egg-to-adult 
survival probability of F2 males is lower for hybrids than for pure species. In addition, 
the reciprocal hybrid crosses differ in the survival probability indicating both nuclear-
nuclear and cytonuclear incompatibilities. To pinpoint the genic interactions that 
cause the hybrid breakdown between N. vitripennis and N. giraulti, Niehuis et al. (2008) 
mapped transmission ratio distortion loci in F2 hybrid male adults. They identified 
multiple incompatibility loci, which were all dependent on the cytotype of the hybrid. 
However, the genes involved in the incompatibilities remain to be identified. 
Sterility vs. inviability 
The studies by Breeuwer & Werren (1995), Gadau et al. (1999) and Niehuis et al. 
(2008) clearly show that F2 hybrid males within the Nasonia genus suffer from 
inviability. Contrasting, Breeuwer & Werren (1995) and Bordenstein et al. (2001) 
found no evidence for sterility of hybrid males, although behavioural sterility in 
Nasonia hybrids has been reported (Beukeboom & Assem, 2001). This lack of hybrid 
sterility is remarkable because study of Drosophila species has shown that sterility tends 
to evolve before inviability (Coyne & Orr, 1997). There are two possible explanations 
for lack of sterility in Nasonia hybrids. First, hybrid incompatibilities causing inviability 
in haplodiploids may be more frequent than those causing sterility. The reason is that 
incompatibility loci in haplodiploids can be spread over the whole genome and are not 
restricted to X or Z-automosome interactions. Second, since F2 hybrid males are 
produced by F1 hybrid females, these males can only be produced if the F1 female is 
fertile. Therefore there is selection for fertility in the first generation, which could also 
increase the fertility of the males of the next generation. There are two arguments that 
argue against this in Nasonia F2 hybrid males: (1) there is no direct link between 
genotype and sterility because all F1 females are genetically similar (highly inbred lines 
were used and so all females are identical), and (2) female-sterility loci are likely to be 
different from male-sterility loci (Coyne, 1985). 
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Conclusions 
Genetics of speciation research is gradually expanding towards a larger variety of 
organisms. We have argued that species with a haplodiploid mode of reproduction 
should receive more attention. They have traditionally not been included in research 
into the genetic basis of Haldane’s rule. We have shown how the different theories 
that try to explain Haldane’s rule also apply to haplodiploids and how haplodiploids 
can be used to test the genetic basis of Haldane’s rule. We propose to slightly re-
formulate Haldane’s rule to not only include sexual species with a partial haploid 
genome (X- or Z-chromosome), but also with a complete haploid genome (males 
under haplodiploidy). Although more haplodiploid taxa need to be studied, results 
thus far indicate that the haploid (male) sex is more often affected by hybrid 
dysgenesis than the diploid (female) sex. This is consistent with the dominance theory, 
but can also be explained by the faster-male and faster-X theories. 
With the increased accessibility of microarray technology, gene-expression studies 
are starting to make their entry into genetics of speciation research. This technology is 
crucial for distinguishing between the three main theories underlying Haldane’s rule, 
by comparing the divergence of sex specifically expressed genes between species. The 
dominance theory does not imply differences in evolutionary speed in genes with sex-
biased expression. In Drosophila, more than 50% of the genes show a sex specific 
expression (Ellegren & Parsch, 2007). The faster-male theory predicts that male-biased 
genes evolve faster than female-biased genes because sexual selection acts stronger on 
males. The faster X-theory makes the same prediction but the selective force in this 
case is the haploid background of the X-linked genes. Under haplodiploidy, all male-
biased genes are selected in a haploid genetic background. Under the faster-X theory 
we would therefore expect higher degrees of postzygotic isolation in haplodiploids as 
compared to diploids. If this is true, we may also expect stronger reinforcement to 
prevent maladaptive hybridization in haplodiploids. This, in turn, may lead to higher 
speciation rates in haplodiploid taxa. To our knowledge comparative tests of 
speciation rates between haplodiploids and diploids have never been performed. 
Closely related taxa that differ in these reproductive modes may be particularly 
interesting to compare, such as haplodiploid and diploid beetles and mites. Stronger 
postzygotic isolation mechanisms in haplodiploids may also have contributed to the 
enormous diversity of the Hymenoptera with over 1 million estimated species. 
Koevoets – hybrid incompatibilities in Nasonia 
42 
Acknowledgements 
We are grateful to Louis van de Zande, Richard Nichols, Pawel Michalak and an 
anonymous referee for their comments and suggestions to the paper. This work has 
been made possible by grant ALW 816.01.004 and Pioneer grant ALW 833.02.003 of 
the Netherlands Organisation for Scientific Research to LWB.  
43 
POLYMORPHIC MICROSATELLITE LOCI 










Microsatellite markers are efficient and cost-effective markers to genotype 
individuals when samples sizes are relatively small and a 10 to 20 cM marker density 
is sufficient. Furthermore, the mutation rate of microsatellite markers makes them 
often employable in samples over large geographical range, sometimes even between 
species. Here I report on the design and optimization of a large set microsatellite 
markers for the Nasonia genus and test the amplification over various strains (from 
different geographical origins) and species. Furthermore, I describe the genetic 
diversity and divergence of these tested strains, together with the phylogenetic 
relationship of the four species. 
 
The markers are published in: 
Heredity (2012). 108, 302-311. 
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Introduction 
Genetic analysis of phenotypic traits often involves genetic mapping approaches 
with dense marker coverage of the nuclear genome. The development of such markers 
can be a time consuming and costly enterprise when the genomic knowledge of the 
species of interest is limited. When studying model organisms, for which the genome 
has been sequenced, the development of large sets of markers becomes a more 
feasible quest. 
The genomes of the Nasonia genus have been fully sequenced and annotated for 
the species N. vitripennis, N. longicornis and N. giraulti (Werren et al., 2010). Sequence 
data for the fourth species, N. oneida, are available but limited. N. vitripennis is the 
oldest species of the Nasonia genus and is a cosmopolitan generalist of blowfly pupae 
(see box 1.2). The species N. longicornis and N. giraulti are younger and phylogenetically 
more related to each other than to N. vitripennis. These species are both endemic to 
North America, with N. longicornis occurring predominantly in the West and N. giraulti 
in the East (Darling & Werren, 1990). The most recently described species, N. oneida, 
is closely related to N. giraulti (Raychoudhury et al., 2010a). 
Many studies in Nasonia, for instance on hybrid incompatibilities, have used a 
variety of molecular tools, ranging from amplified fragment-length polymorphisms 
(AFLPs), which are dominant markers (Gadau et al., 1999) to single nucleotide 
polymorphisms (SNPs), sequence-tagged sites (STS) and microsatellite markers 
(Niehuis et al., 2008). In current mapping approaches, both SNPs and microsatellites 
are used predominantly. Although the use of SNPs is increasing in both genetic trait 
analyses and population genetic studies (see Bailey-Wilson et al., 2005 and 
accompanying supplementary articles), the choice of marker depends on various 
factors, such as the resolution of the mapping experiment and the costs of the 
genotyping assay. A large number of SNPs can be identified within and between 
species and thus high resolution coverage of the genome can be realized. However, 
starting costs of designing a SNP genotyping assay are still high and often new assays 
need to be designed when using different species or even strains. Also, genotyping 
methods for small numbers of SNPs are still limited and often far from cost effective. 
I collaborated with two other Nasonia working groups in a joint effort to develop 
a large set of primers for polymorphic microsatellite loci in Nasonia. We chose 
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microsatellite markers over SNPs for their cost-effectiveness for relatively small 
numbers of markers and samples, and for their use within and between species. To 
identify microsatellite motifs, Pannebakker et al. (2010) used version 0.5 of the Nasonia 
vitripennis genome sequence (Werren et al., 2010). The three research groups 
participating in the microsatellite marker development (University of Edinburgh, 
Scotland; Arizona State University, Tempe, Arizona; and University of Groningen, 
The Netherlands) tested various microsatellite markers on three Nasonia species for 
amplification fidelity. Here, I report on the results of the primer development and 
amplification for the microsatellites developed in Groningen. Furthermore, I show the 
use of these microsatellites to analyse the Nasonia core set of strains (NASCORE), to 
test the marker amplification over a large range of strains and show their application 
for population genetic studies. The NASCORE set contains field-strains of all four 
Nasonia species and was distributed among a number of Nasonia research groups 
worldwide to stimulate the use of similar strains. Genetic analysis of the NASCORE 
strains based on the markers developed in this chapter will cast a light on the species 
relatedness and genetic divergence between and within species. 
Materials and methods 
Primer development 
Pannebakker et al. (2010) screened the Nasonia vitripennis (AsymC strain) genome 
for various repeat-motifs using the sequenced genome version 0.51 and retrieved their 
scaffold number. In order to get the largest genome coverage and to assist the genome 
assembly, I started by selecting microsatellite markers on the largest scaffolds and 
replaced different types of molecular markers from existing linkage maps (mainly 
SNPs from Niehuis et al., 2008, see table 3.1). 
Loci were selected based on repeat-number (more repeat units are assumed to be 
more variable within and between species). When a microsatellite locus was selected, it 
was confirmed in the N. giraulti (RV2X strain) and N. longicornis (IV7R2 strain) genomes 
using BLASTn of the amplicon (including microsatellite sequence) on the trace files of 
these two species and aligned to the N. vitripennis sequence. If the microsatellite locus 
was present in all three species and variable between them, primers were designed for 
                                                            
1  Available at http://www.hgsc.bcm.tmc.edu/ftp-archive/Nvitripennis/fasta/ 
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 this locus using PRIMER3 0.4.0 (default parameters (Rozen & Skaletsky, 2000)). If on 
the chosen location no microsatellites were found that varied between the species, 
TANDEM REPEATS FINDER 4.0 (Benson, 1999) was used to identify more 
microsatellite loci on the selected scaffold that were initially excluded because of 
parameter settings by Pannebakker et al. (2010). For each locus, primer sets were 
designed to generate three different fragment lengths (±100, ±200 and ±300 bp). 
Subsequently, one of the fragment lengths was chosen for optimal assembly of eight 
multiplex sets that each contained 5 to 8 markers that differed in size and fluorescent 
label (FAM and HEX used predominantly, NED only when necessary). These sets 
were based on expected allele sizes of N. vitripennis and N. longicornis. The designed 
multiplex sets were tested for dimer formation using AUTODIMER (Vallone & Butler, 
2004). The markers developed using this protocol received a number ranging from 
Nv300 to Nv344. The first set of markers (Nv300 – Nv325) was designed to span the 
complete Nasonia nuclear genome, while the second set (Nv326 – Nv344) was 
designed to cover specific regions on chromosome 4 and 5 (chromosomal location 
Name replace SNP replace msat chromosome1
Nv300 UQCRFS1  2 
Nv301 VG  2 
Nv302 SDR  3 
Nv303 Hsp83  3 
Nv305 TpnC  2 
Nv306 EF1 alfa F2  2 
Nv307 Hex 70 b  2 
Nv308 CuZn superoxide  1 
Nv309 PPAF  4 
Nv311 EF1 alfa F1  1 
Nv312 RPS2  3 
Nv318 PTEN  2 
Nv319 INSR  3 
Nv320  Nv 17 2 
Nv321 COXva  4 
Nv322 Ft  5 
Nv323 BAC77L07  4 
Nv324  Nv 124  
 
Table 3.1: microsatellite markers that were designed to replace markers used in 
previous mapping studies. 
1 chromosome number based on mapping of the SNPs by Niehuis et al. (2008).  
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based on Rütten et al., 2004, see below). In this joint project to construct a large 
microsatellite database, markers designed in Arizona received a number from Nv200 
onwards and those designed in Edinburgh received a number from Nv100 onwards. 
The primers from the Nv200-series are not used in this thesis (except in chapter 7), 
since they were not available at the start of the experiments. Primers from the Nv100-
series used here were slightly altered to fit the Nv300-series multiplex sets. All primers 
with a number below Nv100 have been designed prior to the release of the Nasonia 




The markers were first tested on the strains used for the Genome Project using 
DNA of female Nasonia vitripennis (AsymC), N. longicornis (IV7R2), N. giraulti (RV2X) 
and F1 hybrid female offspring of N. vitripennis and N. longicornis. DNA was extracted 
according to the high salt-chloroform protocol (Maniatis et al., 1982), dissolved in 20 
μL MilliQ water and diluted 10x for multiplex PCR. Microsatellite markers were 
amplified using the Qiagen multiplex PCR kit according to the manufacturer’s 
recommendations (PCR profile: 15 minutes at 95°C, followed by 30 cycles of 30 
seconds at 94°C, 1.5 minutes at TA and 1 minute at 72°C, followed by 45 minutes at 
72°C). See table 3.2 for multiplex sets for N. vitripennis and N. longicornis. Since the sets 
described in table 3.2 were optimized for genotyping samples with N. vitripennis and 
N. longicornis alleles, other sets were designed for analysing N. giraulti and N. oneida 
samples (see table 3.4) to prevent the occurrence of overlapping allele sizes. All 
reactions were performed in 5 μL volumes using Applied Biosystems Veriti or 
Applied Biosystems 9700 thermocyclers. Fragments were diluted 400 times, separated 
on the Applied Biosystems 3730 DNA Analyzer and analysed using GENEMAPPER 
v4.0 (Applied Biosystems). 
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t 1 1 1 1 1 1 1 2 2 2 2 2 2 2 3 3 3 3 3 4 4 4 4 4 4 4 
 
Table 3.2: Nasonia microsatellite markers. 
Eight different multiplex sets were optimized for genotyping N. vitripennis and N. longicornis alleles. For each 
marker the accession number, scaf. (scaffold number in Nasonia genome v1.0), primer sequences, 
fluorescent label, allele sizes and primer ratio is given. TA is 57°C for all sets, except for 3 (56°C). 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































t 5 5 5 5 5 5 6 6 6 6 6 6 6 7 7 7 7 7 7 8 8 8 8 8 
Table 3.2 continued 
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Genotype analysis 
To test the microsatellites for their amplification throughout the Nasonia genus, 
they were amplified in a core set of 45 Nasonia strains, the NASCORE, expanded with 
13 N. giraulti and N. oneida strains received from R. Raychoudhury (Werren Lab, 
Rochester University, USA). The DNA was extracted for 10 pooled individuals per 
strain using the high salt-chloroform protocol (Maniatis et al., 1982) adjusted for 
pooled samples (reagents multiplied by 3). For a list of strains, see table 3.3. 
Strain location Spe-cies Strain location Spe-cies 
AsymC Leiden (NL) Nv PE 18Bx4 Utah (US) Nl 
NvOh 204AK Ohio (US) Nv BTPE Bx5 Utah (US) Nl 
R511 New York (US) Nv DWR 16-25 Utah (US) Nl 
NvMn 206B1 Minnesota (US) Nv NlIT 218x2 New York (US) Nl 
FIG Valance (FR) Nv NlAZ 14 Arizona (US) Nl 
Russia Bait Moscow (RU) Nv NgVA203Bi Virginia (US) Ng /Nl2 
Russia 277 Zvenigorod (RU) Nv RV2 Virginia (US) Ng 
ELB Elburg (NL) Nv NgPA 0203 Pennsylvania (US) Ng 
Nv 267/1 Hoge Veluwe (NL) Nv NgVA 201R Virginia (US) Ng 
Nv EUS7 SE Nv NgPA 233F Pennsylvania (US) Ng 
NvPA213N Pennsylvania (US) Nv NGNY 6A5 New York (US) Ng 
NvXIDB 409E Idaho (US) Nv NGNY 6x New York (US) Ng 
NvCD 12 CA Nv NGOH 206D Ohio (US) Ng 
BT MON-A10-2 Utah (US) Nv NGVA 7 Virginia (US) Ng 
NvIN 226 Indiana (US) Nv NGVA 7b Virginia (US) Ng 
NvOR 27 Oregon (US) Nv NgNY Br11/3 New York (US) No3 
NvRO 64 Rochester (US) Nv NgNY Br11/36 New York (US) No3 
NvXUTC 402C Utah (US) Nv MUM m35 Mumford (US) No3 
NvNV B401E Nevada (US) Nl1 Br12X Brewerton (US) No3 
IV7 Utah (US) Nl Br11x Brewerton (US) No3 
NlCA 9304 California (US) Nl MUM m5-3 Mumford (US) No3 
NlCA 003270 California (US) Nl NONY 1103 New York (US) No 
NlIDB 418A(u) Idaho (US) Nl NONY 1132 New York (US) No 
NlMN 8510 Minnesota (US) Nl NONY 1136 New York (US) No 
NlMT 013 Montana (US) Nl NONY Br6a New York (US) No 
NlNV 202H Nevada (US) Nl NONY Br6b New York (US) No 
NlSTCA9B California (US) Nl NONY Br6c New York (US) No 
NlUT 230A Utah (US) Nl NONY sp1c New York (US) No 
PE 18Bx5 Utah (US) Nl NONY 7b New York (US) Ng4 
Table 3.3: NASCORE strains (45 original + 13 additional) with sampling location and species 
(Nv = N. vitripennis, Nl = N. longicornis, Ng = N. giraulti and No = N. oneida). 
1 Strain originally classified as Nv, now determined to be Nl. 
2 Strain originally classified as Ng, now determined to be Nl / Ng hybrid. 
3 Strain originally classified as Ng, now determined to be No. 
4 Strain originally classified as No, now determined to be Ng. 














Nv18 ok 19 8 Nv311 ok 23 2 
Nv22 not for G/O x 8 Nv312 ok 9 2 
Nv26 ok 19 7 Nv318 unreliable x 9 
Nv27 not for G/O x 8 Nv319 not for V/L x 2 
Nv41 not for G/O x 8 Nv320 unreliable x 9 
Nv46 ok 14 6 Nv321 ok 18 3 
Nv102 some 
missing data 
21 9 Nv322 ok 11 3 
Nv104 some 
missing data 
16 5 Nv323 unreliable x 1 
Nv106 not tested x Nv324 unreliable x 8 
Nv107 some 
missing data 
27 4 Nv325 ok 19 4 
Nv108 ok 13 9 Nv326 not for V/L x 6 
Nv109 ok 27 6 Nv327 ok 24 5 
Nv111 unreliable x 6 Nv328 ok 13 4 
Nv112 some 
missing data 
30 8 Nv329 not for O x 4 
Nv114 not tested x Nv330 not for G/O x 6 
Nv118 some 
missing data 





18 6 Nv332 unreliable x 7 
Nv125 some 
missing data 
9 7 Nv333 unreliable x 5 
Nv300 ok 3 2 Nv334 unreliable x 4 
Nv301 no G/O x 9 Nv335 unreliable x 4 
Nv302 ok 6 1 Nv337 ok 22 4 
Nv303 not for O x 1 Nv338 ok 13 4 
Nv305 some 
missing data 
15 3 Nv339 ok 2 4 
Nv306 some 
missing data 
13 2 Nv341 not for V/L x 5 
Nv307 ok 6 1 Nv342 ok 16 5 
Nv308 ok 18 4 Nv343 ok 6 7 




Table 3.4: Primer amplification in the NASCORE strains. 
Given are also the number of alleles per marker over all strains and the alternative multiplex set design 
for N. giraulti and N. oneida alleles. Bold markers showed good amplification over all species. 
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For population genetic analyses, microsatellite genotypic data of diploid 
individuals (of the reliable 33 markers, see ‘results’ paragraph) were entered into 
different software packages (see below). Per strain, a maximum of three alleles per 
locus is expected, because the strains were started as isofemale lines (mated 
haplodiploid females). Since the software was developed for diploid organisms, a 
maximum of two alleles could be entered per sample. Our use of pooled samples 
occasionally resulted in three alleles for a single strain (9 strains, varying between 1 and 
4 markers, see table 3.4), in which case one allele was removed randomly to comply 
with the maximum of two alleles. The microsatellite genotype data of the NASCORE 
were analysed using the program STRUCTURE 2.3.1 (Pritchard et al., 2000) to infer the 
most likely number of clusters (k) in the dataset. The program was run for 100 000 
replicates (burn-in of 10 000), from k=1 to k=6, with three iterations per k and 
allowing for admixture. The output was analysed using the online program 
STRUCTURE HARVESTER2 (Evanno et al., 2005). This algorithm takes the likelihood of 
each k-value determined by STRUCTURE and compares this likelihood to the 
likelihood of k-1, to the likelihood of k+1 and to the variances of the likelihood values 
of k. The result of the algorithm is referred to as ΔK and indicates the k-value that is 
much more likely than k-1, but not much less likely than k+1. 
The software package PHYLIP 3.67 (Felsenstein, 2005) was used to infer the 
population structure of the NASCORE strains. Cavalli-Sforza chord distance was 
used to determine the genetic distance between the strains (gendist), after which a 
Neighbor-Joining (NJ)-tree was created (neighbor) using 1000 bootstrap replicates 
(seqboot). For this analysis, all the missing data were removed (see table 3.4). 
Results 
Multiplex sets for N. vitripennis – N. longicornis alleles 
Out of the initial design of 55 primers (Nv0-, Nv100- and Nv300-series), 50 
primers were found to reliably amplify for the three tested homogeneous strains of 
N. vitripennis (AsymC), N. longicornis (IV7R2) and N. giraulti (RV2X) (except Nv22 for 
N. giraulti). All markers were first tested on N. vitripennis (V), N. longicornis (L) and F1 
hybrid VL females, before testing all the markers on N. giraulti (G). Fig. 3.1 shows an 
                                                            
2 Available at http://taylor0.biology.ucla.edu/struct_harvest/ 
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example output of GENEMAPPER v4.0. The predicted amplicon sizes (based on the 
published genome sequence) were generally equal to the amplicon sizes found after 
capillary fragment analysis in our lab. 
 
NASCORE 
All markers, excluding Nv106 and Nv114 for logistic reasons, were tested on the 
NASCORE DNA samples. Table 3.4 shows the amplification success in the different 
strains. Although markers Nv18, Nv27, Nv108 and Nv330 did not amplify reliably 
during the marker test with N. vitripennis and N. longicornis, they worked well for these 
species using the NASCORE (they are not included in table 3.2, but their information 
is available upon request). Nv18 and Nv108 amplified for all four species, while Nv27 
and Nv330 did not amplify strains of N. giraulti and N. oneida. Together with Nv27 
and Nv330, markers Nv22, Nv41 and Nv301 did not amplify for the N. oneida / 
N. giraulti cluster. Markers Nv303 and Nv329 did not amplify for N. oneida strains. 
Figure 3.1: GENEMAPPER v4.0 output for multiplex set 2 tested on N. vitripennis (bottom plot), 
N. longicornis (top plot) and an F1 hybrid female between these species (middle plot). 
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Furthermore, Nv319 and Nv341 did not amplify for N. vitripennis and N. longicornis, 
while these markers did amplify reliably during the marker test. Markers Nv318, 
Nv320, Nv324, Nv332, Nv333, Nv334 and Nv335 amplified for all four species, but 
their peak pattern was too complex to score them reliably (table 3.4). All the above 
mentioned markers that did not amplify reliably in one or more species were removed 
for subsequent analyses (Nv18 and Nv108 were not removed). 
   
  # of alleles # of alleles 
strain spec. 1 2 3 strain spec. 1 2 3 
2AsymC Nv 31 2 0 4PE 18Bx4 Nl 27 4 1 
2NvOh 204AK Nv 30 3 0 3BTPE Bx5 Nl 26 7 0 
2R511 Nv 32 1 0 4DWR 16-25 Nl 24 8 1 
2NvMn 206B1 Nv 32 1 0 2NlIT 218x2 Nl 29 4 0 
3FIG Nv 17 15 0 2NlAZ 14 Nl 28 5 0 
3Russia Bait Nv 22 9 0 4NgVA203Bi Nl/Ng 26 5 1 
3Russia 277 Nv 25 8 0 2RV2 Ng 31 1 0 
4ELB Nv 13 15 4 2NgPA 0203 Ng 30 3 0 
2Nv 267/1 Nv 28 5 0 2NgVA 201R Ng 32 1 0 
2Nv EUS7 Nv 29 2 0 1NgPA 233F Ng 33 0 0 
2NvPA213N Nv 32 1 0 2NGNY 6A5 Ng 31 2 0 
2NvXIDB 409E Nv 29 4 0 2NGNY 6x Ng 28 5 0 
2NvCD 12 Nv 32 1 0 3NGOH 206D Ng 26 7 0 
4BT MON-A10-2 Nv 14 16 2 1NGVA 7 Ng 32 0 0 
1NvIN 226 Nv 31 0 0 2NGVA 7b Ng 28 4 0 
2NvOR 27 Nv 32 1 0 2NgNY Br11/3 Ng 28 5 0 
2NvRO 64 Nv 30 3 0 3NgNY Br11/36 Ng 21 12 0 
2NvXUTC 402C Nv 32 1 0 3MUM m35 Ng 24 9 0 
2NvNV B401E Nl 32 1 0 3Br12X Ng 25 8 0 
1IV7 Nl 33 0 0 4Br11x Ng 23 8 2 
1NlCA 9304 Nl 33 0 0 4MUM m5-3 Ng 22 10 1 
3NlCA 003270 Nl 23 8 0 2NONY 1103 Ng 28 5 0 
1NlIDB 418A(u) Nl 33 0 0 4NONY 1132 Ng 26 6 1 
1NlMN 8510 Nl 32 0 0 3NONY 1136 Ng 23 10 0 
1NlMT 013 Nl 32 0 0 3NONY Br6a Ng 27 6 0 
2NlNV 202H Nl 28 1 0 3NONY Br6b Ng 25 8 0 
1NlSTCA9B Nl 32 0 0 2NONY Br6c Ng 29 4 0 
1NlUT 230A Nl 32 0 0 4NONY sp1c Ng 20 11 1 
2PE 18Bx5 Nl 28 5 0 1NONY 7b Ng 33 0 0 
Table 3.5: Number of markers that showed either 1, 2 or 3 alleles per strain in the NASCORE. 
1 no allelic variation    3 high variation (6+ markers with 2 alleles) 
2 moderate variation (1 to 5 markers with 2 alleles) 4 maximum variation (3 alleles) for at least 1 marker 
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Table 3.5 shows for all strains how many alleles (1, 2 or 3) are found for how 
many markers (out of the 33 reliable markers). Eleven strains (one N. vitripennis, seven 
N. longicornis and three N. giraulti) showed no allelic variation in the pooled sample that 
was analysed. 27 strains had moderate allelic variation (two alleles found for one to 
five markers): 12 N. vitripennis, six N. longicornis, six N. giraulti and three N. oneida. 
When considering a strain highly variable when two alleles were found for six or more 
markers, 19 strains were highly variable: five N. vitripennis, three N. longicornis, one 
N. giraulti and ten N. oneida. Nine strains contained three alleles for some markers 
(which is the maximum number of alleles per isofemale strain): N. vitripennis strains 
ELB and BT MON-A10-2, N. longicornis strains PE 18Bx4 and DWR 16-25, hybrid 
strain NgVA203Bi (see below), N. oneida strains Br11x, MUM m5-3, NoNY 1132 and 
NoNY sp1c. No N. giraulti strains were found to have three alleles per marker. When 
combining the strains per species for the number of alleles identified (fig. 3.2 and table 
3.6) we see that N. vitripennis has the highest number of alleles, followed by 
N. longicornis. N. giraulti and N. oneida have the smallest number of alleles, with 
N. oneida showing slightly more alleles than N. giraulti. 
Figure 3.2: Allelic richness identified in the four Nasonia species measured over all NASCORE strains. 
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   Figure 3.3: NASCORE clusters according to STRUCTURE. 
The clustering with the highest likelihood is k=3 (see figure 3.4). The dataset was analyzed for k=2 until 
k=6 (k=6 is not shown, because it was only analyzed to determine the ΔK for k=5). In the case of k=2 
and k=4, two clusterings resulted. * belongs to the N. giraulti cluster. 
Figure 3.4: Likelihood of the different clusters 
created by STRUCTURE and analysed following 
Evanno et al. (2005) to determine ΔK. 
Figure 3.5: triangle plot for k=3 for all 
NASCORE strains.
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The genotypic data of the remaining 33 
microsatellite markers for the 58 NASCORE 
strains were incorporated into the program 
STRUCTURE to infer the most likely number of 
clusters (k) in the dataset. The clusters that are 
formed are shown in fig. 3.3. Following Evanno 
et al. (2005), fig. 3.4 shows that k=3 is the most 
likely number of clusters using ΔK. This 
clustering shows an N. vitripennis cluster, an N. 
longicornis cluster and an N. giraulti / N. oneida 
cluster (fig. 3.3). One N. giraulti strain (i.e. 
NgVA203Bi) turned out to be a hybrid strain 
that contained both N. giraulti and N. longicornis 
alleles. The less likely clustering of k=4 resulted 
in two options: the first option divided the 
N. vitripennis cluster in a European and an 
American cluster and the second option left the 
N. vitripennis strains clustered but broke up the 
N. giraulti and N. oneida strains. When forced 
into five clusters, the European and American 
N. vitripennis strains are split as well as N. giraulti 
and N. oneida. Thus, the known species 
relationships were clearly distinguished based on 
the cluster analysis, but not always significant 
enough for a species split. The strength of the 
clustering of k=3 is underlined by the triangle-
plot (fig. 3.5) of k=3. This shows that all 
samples group strongly in their own cluster, 
except for the hybrid strain, that groups between the N. longicornis and the N. 
giraulti/N. oneida cluster, but more towards N. longicornis. 
For the construction of the NJ-tree, all the missing data were removed. This 
resulted in the removal of two strains (NlNV 202H and NvIN 226) and 11 markers 
(Nv102, Nv104, Nv107, Nv118, Nv121, Nv125, Nv305, Nv306, Nv331, Nv344). The 
tree shows clustering according to the STRUCTURE results, with some significant 
marker Nv Nl Ng No
Nv308 4 7 6 4
Nv121 7 10 1 1
Nv311 10 12 2 4
Nv102 10 4 5 5
Nv18 5 6 7 7
Nv305 2 5 6 9
Nv306 5 2 4 3
Nv300 3 1 1 1
Nv307 4 1 1 1
Nv312 2 5 1 2
Nv302 5 2 1 1
Nv107 12 10 4 6
Nv26 10 5 5 3
Nv112 16 3 8 8
Nv108 11 1 1 1
Nv118 5 1 9 8
Nv338 11 1 1 1
Nv328 12 1 1 1
Nv309 1 6 1 2
Nv339 1 1 1 1
Nv337 11 4 4 8
Nv342 11 2 2 4
Nv321 8 10 6 8
Nv104 11 7 2 2
Nv125 8 1 1 1
Nv344 13 8 10 8
Nv109 13 8 4 7
Nv46 7 5 1 5
Nv331 10 11 5 7
Nv343 3 1 1 1
Nv327 7 11 6 5
Nv322 9 1 1 1
Nv325 1 10 8 10
average 7.52 4.94 3.55 4.12
Table 3.6: number of alleles found per 
species for each marker. 
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population differentiation within every species, shown by the bootstrap values over 
80% (see fig. 3.6). 
 
Species recognition 
Based on STRUCTURE and NJ analysis, we can clearly split all NASCORE strains 
in four clusters that belong to the four described Nasonia species (table 3.3). One 
strain was classified as being N. vitripennis, but has now been assigned to N. longicornis 
(NvNV B401E). One strain was classified as N. giraulti, but was found to consist of 
Figure 3.6: Neighbor-Joining tree based on 22 microsatellites (11 removed because of missing data). 
Only bootstrap percentages over 80 are shown. Black cluster indicates N. vitripennis strains, light grey the 
N. longicornis strains and the dashed cluster indicates the N. giraulti and N. oneida clades.
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alleles from both N. giraulti and N. longicornis (larger contribution of N. longicornis). This 
implies that the strain is a hybrid strain, but it has been suggested that the 
contamination arose in the lab and not in the field (J. Werren, pers. com.). With regard 
to the new species, N. oneida, many wrong classifications were found. Six strains, 
originally classified as N. giraulti, are now determined to belong to N. oneida (NgNY 
Br11/3, NgNY Br11/36, MUM m35, Br12x, Br11x, MUM m5-3). One N. oneida 
strain turned out to be N. giraulti (NoNY 7b). This analysis shows that determination 
by phenotype can lead to misclassifications of the different species and thus a genetic 
analysis is a useful addition. 
Discussion 
Here I presented a set of 50 microsatellite markers, optimized for strains AsymC 
(N. vitripennis), IV7R2 (N. longicornis) and RV2X (N. giraulti), to use in genetic mapping 
studies. I showed that these markers can also be used for a large array of Nasonia 
strains and can be used for population genetic research and species recognition. 
Although the species relatedness that follows from the analyses is as expected, some 
caution should be taken when using these markers for population genetic research. 
Since the markers were selected for large repeat-numbers in AsymC, large size 
difference (of the amplicon) between species and, for some, their linkage to a SNP 
inside a gene (table 3.1), these markers could be less selectively neutral than commonly 
assumed for microsatellites. Furthermore, the composition of the NASCORE and the 
analysis of pooled individuals are not perfect for population genetic analyses. Ideally, 
one would have various independent samples per location rather than pooled 
individuals from an isofemale line that represents a geographic location (this would 
also prevent the occurrence of three alleles per sample). Nevertheless, the molecular 
analysis of the NASCORE allows determining the relatedness of the different strains 
and species. Also, the divergence of the different NASCORE strains allowed us to test 
the robustness of the markers, which was found to be good for the majority of the 
markers. 
I found that N. vitripennis and N. longicornis are clearly distinct species, both in the 
STRUCTURE analysis and the NJ-tree. There are, however, some ambiguities about the 
status of N. giraulti and N. oneida as separate species. The STRUCTURE analysis did not 
separate the N. giraulti and N. oneida strains. When dividing all strains in four clusters, 
STRUCTURE more often separated the European from the American N. vitripennis 
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strains than the N. giraulti from the N. oneida strains. The NJ-tree, however, showed 
significant support for a split between N. giraulti and N. oneida samples and not for 
European and American N. vitripennis strains. This difference between STRUCTURE 
and NJ methods is found more often (Pritchard et al., 2000) and STRUCTURE is argued 
to be the more powerful method due to its likelihood methods and lack of 
assumptions. Regardless of which clustering one would prefer, fact remains that 
N. giraulti and N. oneida seem to have little genetic divergence between them, but are 
clearly distinguishable based on various phenotypic traits (Raychoudhury et al., 2010a). 
Here, I also showed that N. oneida harbours more genetic variation than its sister-
species N. giraulti and the individual N. oneida NASCORE strains are the most 
genetically variable of all NASCORE strains. This result was also found by 
Raychouldhury et al. (2010a) based on sequence data of nine nuclear genes of 
N. giraulti and N. oneida. Whether this reflects the genetic variation of this species in 
the field or their short time in the lab needs to be investigated more closely, but it 
remains a very interesting feature of a recently discovered species. 
In some cases, the amplification using the test strains (AsymC, IV7R2 and RV2X) 
failed, while similar strains in the NASCORE did yield a reliable product. One 
explanation for this is that the strains that were used for the first test, albeit having the 
same origin as some NASCORE strains, have been cultured in Groningen for many 
generations. Different selection pressures, drift and mutations might have altered the 
Groningen strains from their corresponding NASCORE strains, resulting in failure to 
amplify. In some cases, the markers used on the NASCORE amplified for 
N. vitripennis and N. longicornis strains, but not for N. giraulti and N. oneida strains. This 
can be due to shared genetic differences of these two closely related species. Another 
reason could be that the multiplex sets that were used for N. giraulti and N. oneida 
differed from those used for N. vitripennis and N. longicornis. Perhaps amplifying the 
markers individually (instead of multiplexing) or further optimizing the multiplex sets 
can lead to better amplification of these markers in these species. In the cases where 
only N. oneida strains failed to amplify, the reason is more likely due to genetic 
divergence rather than problems with the multiplex sets. 
Summarizing: I created eight multiplex sets of in total 50 microsatellite markers 
that span nearly the complete Nasonia genome (see chapter 4 for the linkage map). 
These sets have been optimized for the standard lab strains of N. vitripennis (AsymC) 
and N. longicornis (IV7R2), out of which at least 33 amplified reliably in a large range of 
Chapter 3- Microsatellite design 
61 
strains spanning all four Nasonia species and geographic distributions. The 
microsatellite analysis showed that all four proposed Nasonia species have alleles that 
are species specific (shown by genetic distance analysis), but the genetic differentiation 
between the closely related N. giraulti and N. oneida is not enough to cluster them as 
separate groups. In the following chapters, these microsatellite markers will be used to 
create a linkage map of N. vitripennis and N. longicornis, and to analyse hybrid 
incompatibilities between these species by genetic mapping approach. 
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HYBRID INCOMPATIBILITIES IN THE 
PARASITIC WASP GENUS NASONIA: 
NEGATIVE EFFECTS OF HEMIZYGOSITY AND THE 
IDENTIFICATION OF TRANSMISSION RATIO DISTORTION LOCI 
Tosca Koevoets, Oliver Niehuis, Louis van de Zande & Leo W. Beukeboom 
ABSTRACT 
The occurrence of hybrid incompatibilities forms an important stage during the 
evolution of reproductive isolation. In early stages of speciation, males and females 
often respond differently to hybridization. Haldane’s rule states that the 
heterogametic sex suffers more from hybridization than the homogemetic sex. 
Although haplodiploid reproduction (haploid males, diploid females) does not 
involve sex-chromosomes, sex-specific incompatibilities are predicted to be 
prevalent in haplodiploid species. Here, we evaluate the effect of sex/ploidy level on 
hybrid incompatibilities and locate genomic regions that cause increased mortality 
rates in hybrid males of the haplodiploid wasps Nasonia vitripennis and N. longicornis. 
Our data show that diploid F1 hybrid females suffer less from hybridization than 
haploid F2 hybrid males. The latter not only suffer from an increased mortality rate 
but also from behavioural and spermatogenic sterility. Genetic mapping in 
recombinant F2 male hybrids revealed that the observed hybrid mortality is most 
likely due to a disruption of cytonuclear interactions. As these sex-specific hybrid 
incompatibilities follow predictions based on Haldane’s rule, our data accentuate the 
need to broaden the view of Haldane’s rule to include species with haplodiploid sex 
determination, consistent with Haldane’s original definition. 
 
Heredity (2012). 108, 302-311. 
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INTRODUCTION 
The identification of hybrid incompatibilities, measured as increased sterility and 
mortality of hybrids, is a major goal in evolutionary biology since they cause strong 
selection pressure against the formation of hybrid offspring and thus are a potential 
driving force of speciation. Hybrid incompatibilities are caused by disrupted epistatic 
gene-interactions in hybrids, also known as Dobzhansky-Muller (DM) interactions 
(Turelli & Orr, 1995) and in a few cases (mainly in Drosophila), hybrid incompatibility 
genes have been identified (reviewed by Presgraves, 2010). Although no general 
pattern in pathways and genes that are particularly prone to hybrid incompatibility has 
yet been discerned, it has long been known that “when in the offspring of two 
different animal races one sex is absent, rare or sterile, that sex is the heterozygous 
[heterogametic, i.e. XY or ZW] sex” (Haldane, 1922). This pattern, referred to as 
Haldane’s rule, is often observed in hybrids of recently diverged populations or 
species (Coyne & Orr, 1997). There are three main genetic theories that explain why 
especially the heterogametic sex should suffer from hybridization (Orr, 1997): the 
faster-X theory, the faster-male theory and the dominance theory. All three theories 
assume that, due to their shared evolutionary history, epistatic genes are co-adapted 
within species but not between species. Thus, upon hybridization, these co-adapted 
genes are replaced by gene-variants that have never been selected to interact properly 
with each other, and their interactions in hybrids are thus likely disrupted (DM-
interactions, see fig. 1.1B). 
The faster-X theory assumes that beneficial recessive mutations accumulate more 
easily under haploidy. If true, genes on the sex-chromosomes of diploid organisms 
should on average evolve faster than genes on the autosomes, because the sex-
chromosomes go through rounds of haploidy in the heterogematic sex (Charlesworth 
et al., 1987). Epistatic interactions of genes on a fast evolving chromosome are more 
disruption-prone when brought into a foreign genetic background than genes on 
slowly evolving autosomes, because of their larger divergence. Therefore, the 
heterogametic sex is more likely to suffer from hybridization than the homogametic 
sex, because the latter can be saved by heterozygosity of the less compatible loci. 
Research has shown the complexity of sex-chromosome evolution, since both 
supporting (e.g. Musters et al., 2006; Baines et al., 2008) and opposing (e.g. Betancourt 
et al., 2002; Thornton et al., 2006; Mank et al., 2010) evidence for faster evolution of 
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the X-chromosome has been found (reviewed for Drosophila by Presgraves, 2008; 
Singh et al., 2009). 
The faster-male theory states that male traits evolve faster than female traits due 
to stronger sexual selection on males. This leads to Haldane’s rule under male 
heterogamety, because more diverged male genomes have a higher chance to suffer 
from DM-interactions than less diverged female genomes (Wu & Davis, 1993). 
Several studies have found support for the faster-male theory (Civetta & Singh, 1995; 
Meiklejohn et al., 2003; Zhang et al., 2004; Eads et al., 2007; Malone & Michalak, 2008). 
A second cause underlying the faster-male theory is that spermatogenesis is a sensitive 
process, easily disrupted by mutations that lead to male sterility, while mutations have 
less effect on oogenesis and hence female sterility (Wu & Davis, 1993). This leads to 
more cases of hybrid male sterility than female sterility (reviewed by Schilthuizen et al., 
2011). One major problem of the faster-male theory is that it can only explain 
Haldane’s rule under male heterogamety. Under female heterogamety other factors 
(like dominance, see below) have to be invoked that overcome “faster-male” effects 
(Wu & Davis, 1993). 
The dominance theory assumes that mutations are (partially) recessive and thus 
masked by heterozygosity (Turelli & Orr, 1995). In hybrids, gene-interactions can be 
disrupted throughout the whole genome when diverged genes are forced to interact, 
but DM-interactions are often rescued by dominance effects of the autosomes under 
diploidy. However, when the interactions involve sex-linked genes, the heterogametic 
sex is not saved by heterozygosity of the sex-chromosome and thus has a higher 
chance to suffer from hybrid incompatibilities than the homogametic sex. This theory 
explains Haldane’s rule for both male and female heterogamety and is supported by 
several studies that have found a major effect of dominance in hybridizations that 
follow Haldane’s rule (e.g. True et al., 1996; Jiggins et al., 2001; Presgraves, 2003; Tao 
& Hartl, 2003; Bierne et al., 2006).  
The general view is that Haldane’s rule should be considered to be a composite 
phenomenon with multiple underlying mechanisms (Wu et al., 1996). What underlines 
this view is that some studies have found multiple mechanisms explaining their results 
on hybrid incompatibilities and Haldane’s rule (e.g. Hollocher & Wu, 1996). Although 
additional mechanisms have been proposed to explain Haldane’s rule, the faster-male 
and the dominance theory are most supported (reviewed by Kulathinal & Singh, 
2008). However, if hybrid incompatibilities are caused by recessive DM-interactions, 
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studying them can become a challenge because most incompatibilities are masked in 
diploid hybrid offspring. As a consequence, laborious introgression studies are 
necessary to investigate these recessive incompatibilities in diploid model organisms 
(Hollocher & Wu, 1996; True et al., 1996; Tao & Hartl, 2003; Tao et al., 2003; Masly & 
Presgraves, 2007). 
Haplodiploid species, where fertilized and unfertilized eggs develop into females 
and males respectively, are promising genetic models for studying hybrid 
incompatibilities when dominance effects are expected. Males express only one allelic 
variant, either dominant or recessive, and are thus very useful for the identification of 
negative epistatic gene-interactions that cause hybrid incompatibilities on a genome-
wide scale (Gadau et al., 1999; Niehuis et al., 2008; Ellison et al., 2008). Haldane himself 
referred to haplodiploids as a group in which the pattern that he had described, i.e. 
Haldane’s rule, should be prevalent. He stated: “groups in which the male sex is 
haploid are only extreme cases of the normal type, in that all the chromosomes here 
behave like sex-chromosomes of other groups” (Haldane, 1922, page 101). Although 
recognised as a group that could be instrumental in unravelling the mechanisms that 
underlie Haldane’s rule, haplodiploids have so far been deemed not to “fall under the 
Haldane’s rule banner” because of their lack of heteromorphic sex-chromosomes 
(Kulathinal & Singh, 2008). In line with the view of Haldane himself, we argued in 
chapter 2 that Haldane’s observation of the differential effect of hybrid 
incompatibilities in males versus females should be expanded to include species with 
haplodiploid sex determination for two reasons: first, the inheritance of the complete 
haplodiploid genome is comparable to the inheritance of sex-chromosomes in 
diploids; and second, all three mechanisms that explain Haldane’s rule apply under 
haplodiploidy in that males are predicted to suffer more than females (i.e. males would 
suffer under the dominance theory because of haploidy; under the faster-male theory 
because of faster evolution by sexual selection; and under the faster-X theory because 
of faster evolution by natural selection). Moreover, having more genes (or chromo-
somes) that inherit in a haplodiploid fashion (like sex-chromosomes) would lead to 
Haldane’s rule faster. This is illustrated in Drosophila where sister-species with larger X-
chromosomes suffer from Haldane’s rule faster than sister-species with smaller X-
chromosomes (Turelli & Begun, 1997). 
Until now, only a single haplodiploid species pair (i.e. Nasonia vitripennis and 
N. giraulti) has been screened for sex-specific hybrid incompatibilities (Breeuwer & 
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Werren, 1995). The authors found no incompatibilities in F1 hybrid females (although 
not systematically tested), but large mortality and slight sterility in F2 hybrid males. 
However, a problem when studying Haldane’s rule in haplodiploids is that male and 
female hybrids are not formed in the same generation and thus cannot be tested under 
the same ploidy level. As in diploids, hybrid females in haplodiploids form in the F1 
generation. Hybrid males, however, arise as offspring of hybrid females. Although we 
refer to these hybrids as F2 males, they are actually the first generation male hybrids, 
and this is the generation that needs to be compared to F1 hybrid females when testing 
for the occurrence of hybrid incompatibilities (chapter 2). Creating backcross F2 
females is not a more appropriate comparison with F2 males, because it involves 
comparing hemizygous males to partially heterozygous females and confounds the 
comparison of males and females with regard to dominance effects. 
The parasitoid wasp genus Nasonia has proven a valuable model system for 
studying complex genetic traits due to its haplodiploid sex determination system and 
available genome sequences (Werren et al., 2010). The genus consists of four sister 
species, N. vitripennis, N. longicornis, N. giraulti and N. oneida (Darling & Werren, 1990; 
Raychoudhury et al., 2010a). All Nasonia species are reproductively isolated from each 
other due to infections with different Wolbachia strains, which can be cured with 
antibiotics. Breeuwer & Werren (1995) found that F1 hybrid females from a cross 
between Wolbachia-cured N. vitripennis and N. giraulti are viable and fertile. Hybrid 
males had higher mortality rates than pure strain males, in particular hybrids with 
N. giraulti cytoplasm. The mortality occurred predominantly during larval 
development. The authors also found that surviving hybrids with N. vitripennis 
cytoplasm were mostly fertile, but those with N. giraulti cytoplasm were mostly sterile. 
The asymmetry in mortality and sterility rates of the hybrids was the first evidence for 
incompatibility between nuclear and cytoplasmic factors as a major cause of hybrid 
incompatibility in Nasonia. 
Niehuis et al. (2008) investigated the increased mortality in hybrids of N. vitripennis 
and N. giraulti by analysing marker transmission ratio distortion in F2 hybrid males. 
Transmission ratio distorting loci (TRDLs) deviate from the expected 1:1 transmission 
ratio of the parental alleles and can indicate differential mortality that relies on the 
genotype at the TRDL. The authors localized cytotype-dependent TRDLs on 
chromosomes 1, 2, 4 and 5 (Nasonia has 5 chromosomes). Overall, more TRDLs were 
incompatible with N. vitripennis cytoplasm than with N. giraulti cytoplasm. This is in 
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contrast to mortality found by Breeuwer & Werren (1995). Given this asymmetry in 
incompatibility, Niehuis et al. (2008) concluded that interactions between nuclear and 
cytoplasmic genes cause the mortality of F2 hybrid males. Clark et al. (2010) measured 
sterility in reciprocal F2 male hybrids of N. vitripennis and N. giraulti and found 
disrupted mating behaviour and fewer sperm numbers than in pure species males, 
with N. giraulti cytoplasm leading to more sterility than N. vitripennis cytoplasm. In 
contrast, Bordenstein et al. (2001) found no increased mortality or sterility in hybrids 
of N. giraulti and N. longicornis. This can be explained by the short divergence-time of 
these two sister species (0.2 Mya; Campbell et al., 1993). The availability of four 
Nasonia species, with different divergence times and different levels of pre- and 
postzygotic isolation, makes Nasonia particularly useful for speciation research, 
because it allows tracing the evolution of hybrid incompatibilities in this genus. 
Here we use hybrids of N. vitripennis and N. longicornis to for the first time 
systematically compare female F1 and male F2 mortality and sterility levels and to 
document sex-specific differences in hybrid incompatibilities between these 
haplodiploid species. Furthermore, we study and map hybrid incompatibilities in the 
F2 hybrid males and compare our data on mortality, sterility and the location of 
TRDLs with previous studies that used different interspecific crosses of Nasonia in 
order to infer the evolutionary history of the incompatibilities in this species complex. 
MATERIALS AND METHODS 
We used the N. vitripennis strain AsymC (origin: Leiden, The Netherlands) and the 
N. longicornis strain IV7R2 (origin: Utah, USA) for the cross experiments. Both strains 
are cured from their Wolbachia infection and are highly inbred. Wasps were reared on 
Calliphora sp. hosts at 25°C under constant light. 
 
Mortality estimates 
The experimental setup is summarized in fig. 4.1. Virgin male (± 24h old) and 
female wasps (± 72h old and kept on hosts for feeding and to initiate egg-laying) were 
set up individually in four different crosses (♂  ♀): N. vitripennis  N. vitripennis, 
N. longicornis  N. longicornis, N. longicornis  N. vitripennis and N. vitripennis  N. longi-
cornis. These crosses are referred to as VV[V], LL[L], LV[V] and VL[L] respectively, 
with the first letter indicating the paternal genome complement, the second letter 
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indicating the maternal genome complement, and the letters V and L between square 
brackets indicating the cytotype. Mating-pairs were left to mate for 24h at 25°C, after 
which the males were removed and the females provided with two hosts for 24h at 
25°C (experimental day 1). Hosts were replaced every 24h for 3 days, but only 
offspring from hosts of experimental days 2 and 3 were used for the experiment. 
Because there is high embryo mortality after egg-counting due to opening of the host 
puparium, mating-pairs were divided into two groups for each cross: one to count the 
number of oviposited eggs and one to count the number of eclosed adults. Hosts 
from the females in the egg-count group were submerged in Carnoy’s fixative 
(ethanol:glacial acetic acid = 1:3) and stored at -20°C for at least 48h. Hosts from the 
adult-count group were incubated at 25°C and F1 adult offspring was counted in the 
black pupal stages (2-3 days prior to their eclosion after opening the host puparium) 
and separated into males and females to obtain virgins. It is assumed that wasp pupae 
collected in this stage would later eclose as adults, because the hybrid mortality occurs 
in earlier life-stages (Breeuwer & Werren, 1995). Eclosion of counted wasps was near 
to 100%, but not systematically recorded. F1 virgin females were kept on fresh hosts 
upon eclosion for ± 48h for host-feeding and to initiate egg-laying. After 48h, three 
virgin females per mating-pair were randomly assigned to one of 3 groups for (1) egg-
counting, (2) adult-counting and (3) embryo-collection (eggs) for DNA analysis. Hosts 
Figure 4.1: Experimental setup. 
Shown is the pure N. vitripennis cross (♂  ♀, 
referred to as VV[V] in the text). The same set-up 
was used for the remaining three crosses involving 
N. longicornis (L  V, V  L and L  L). The first (P) 
generation was setup in two groups, one for egg 
counting and one for adult counting. The F1 was 
setup in three groups: one for egg counting, one for 
adult counting and one for embryo genotyping. F2 
males from the ‘adult-count’ group were tested for 
mating behaviour and sterility, after which their 
DNA was analysed. 
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were replaced every 24h for 3 days, from which only experimental days 2 and 3 were 
used for the experiment. After every 24h, the hosts were removed and either 
submerged in Carnoy’s fixative and stored at -20°C for at least 48h (group 1), replaced 
at 25°C (group 2) or opened to remove the unhatched eggs (group 3). The F2 adult 
offspring were counted and collected 2-3 days prior to their eclosion. For the analysis 
of F1 and F2 mortality the average offspring production per female was determined 
over all pupae parasitized on experimental days 2 and 3. Diapause larvae, larvae that 
were very retarded in their development and dead individuals were removed from the 
dataset (< 12%). 
 
Sterility estimates 
The level of F1 female sterility was determined by counting the proportion of F1 
virgin females that produced F2 offspring. F2 male sterility was determined both 
behaviourally and spermatogenically. After being removed from the host as late instar 
pupae, F2 males were kept in plastic vials in groups of ~15 individuals until the 
sterility experiment that took place 24h after eclosion. The male’s mating behaviour 
was observed in isolation with a virgin N. vitripennis female, except for N. longicornis 
males, which were offered a virgin N. longicornis female. Previous experiments have 
shown that N. vitripennis virgin females are more appropriate for testing the mating 
behaviour of VV[V], LV[V] and VL[L] F2 males because of the strong mating 
discrimination of N. longicornis virgin females, while LL[L] F2 males are better tested 
with N. longicornis virgins (Koevoets, unpublished data). Virgin females were put in 
test-vials at least 1h prior to the sterility experiment. The male was introduced to the 
female and observed for 10 minutes at 25°C. Different behavioural categories were 
scored (table 4.1). Females that mated with a male within the 10 minute observation 
period were isolated for 24h after which they were given three hosts to screen their 
progeny. The absence of females in their progeny indicates male spermatogenic 
sterility, although other postmating-prezygotic isolation factors (like the inability to 
transfer sperm) could also explain a lack of female progeny. Therefore, the measure of 
spermatogenic sterility also includes these other postmating-prezygotic isolation 
factors. All unmated females were discarded, all tested males stored at -20°C until 
DNA extraction. 




F2 hybrid male embryos were collected ≤24h after oviposition by a virgin F1 
female. The host puparium was removed and the embryos were transferred 
individually to 80 μL digestion buffer (Maniatis et al., 1982) (without proteinase K) and 
ground with a sterile needle. DNA extraction was initiated by adding 20 μL digestion 
buffer containing 40 μg proteinase K to the samples. Subsequent steps followed the 
standard high salt-chloroform protocol (Maniatis et al., 1982). The DNA was dissolved 
in 20 μL MilliQ water. DNA of the F2 hybrid adult males was extracted using the 
regular high salt-chloroform protocol and the DNA was dissolved in 20 μL MilliQ. 
Microsatellite markers were amplified using the Qiagen multiplex PCR kit according 
to the manufacturer’s recommendations (PCR profile: 15 minutes at 95°C, followed 
by 30 cycles of 30 seconds at 94°C, 1.5 minutes at TA and 1 minute at 72°C, followed 
by 45 minutes at 72°C). We used eight multiplex sets of 6 or 7 microsatellite markers 
each (table 3.2). All stock DNA was diluted 10x, from which 2 μL was used for 
embryonic DNA PCR and 1 μL for adult DNA PCR. All reactions were performed in 
5 μL volumes using Applied Biosystems Veriti or Applied Biosystems 9700 
Table 4.1: Categories of courtship behaviour. 
 Category Behaviour
1 No interest The male shows no interest in the female
2 Interest The male shows interest in the female, but does not 
chase her 
3 Mounting The male mounts the female after chasing her, but does 
not show courtship display 
4 Display The male has mounted the female and shows courtship 
display (headnods while on top of the female). This 
behaviour does not lead to a successful copulation 
because either the female does not become receptive or 
the male does not proceed to copulation after the female 
has become receptive 
5 Short copulation The male copulates for a short time (usually around 5 
seconds rather than the normal duration of around 12 
seconds) 
6 Only copulation The male copulates for the normal amount of time, but 
no post-copulatory behaviour (headnods while on top of 
the female) follows the copulation 
7 Normal copulation A complete mating ritual occurs, including the regular 
copulation of around 12 seconds and post-copulatory 
behaviour 
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thermocyclers. Fragments from embryonic PCR were diluted 20 times and from adult 
PCR 400 times, separated on the Applied Biosystems 3730 DNA Analyzer and 




The linkage map was inferred using the segregation data of 201 F2 hybrid 
embryos from both reciprocal hybrid crosses, using JoinMap (version 3.0; van Ooijen 
& Voorrips, 2001). Markers were grouped using a minimum logarithm of odds (LOD) 
score of 7 and a maximum recombination fraction of 0.450. Markers with insufficient 
linkage were removed from the analysis. Following Niehuis et al. (2008), Haldane’s 
mapping function was used to translate recombination fractions into map distances in 
centimorgans (cM). 
Segregation bias 
The segregation bias for all markers was tested with χ2 goodness-of-fit tests 
(df=1) against the expected segregation of 1:1 of parental alleles. Both Yates and 
Bonferroni corrections were applied. Furthermore, we used a Bayesian multipoint 
mapping approach as implemented in the software ANITA (Vogl & Xu, 2000). 
Interactions between nuclear markers were tested with χ2 goodness-of-fit tests (df=1), 
which detect deviations between the observed and the expected genotypes based on 
the allele frequencies in the two adult hybrid datasets. We refrained from testing 
makers that map to the same chromosome because of linkage. To assess significance, 
we simulated 10 000 random populations of 125 hybrid individuals each and with a 
marker distribution as in our experiments with the aid of a Perl script. For each 
population, we recorded the highest χ2 value and generated a frequency histogram. We 
then inferred the χ2 threshold value that was exceeded in less than 5% of the random 
populations (i.e. 12.304). 
Mortality 
The mortality level was determined by an indirect egg-to-adult measurement by 
comparing the number of eggs produced in one group to the number of adults 
produced in another group, using the Mann-Whitney U test in SPSS 14.0. The survival 
probability (Z) was estimated from the ratio of the number of adults (Y) divided by 
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the number of eggs (X). The variance in the survival probability was calculated from 
the variances of the number of eggs and adults according to Breeuwer & Werren 
(1995) using the formula: 
The properties of the normal distribution were used to determine confidence 
intervals for the different survival probabilities at α=0.05. 
Sterility 
The mating behaviour of males was scored, classified into seven successive 
categories and analysed following Clark et al. (2010). The transition probability was 
calculated as the frequency of males that perform a specific behaviour in category a 
that also perform the behaviour in category a+1. Deviations between crosses in the 
transition from one category to the next were determined with 24 χ2 tests with 
Bonferroni correction. When a significant difference was found, all the transitions 
were tested per cross in a pair-wise fashion, using 22 χ2 goodness-of-fit or Fisher’s 
exact tests, depending on whether χ2 assumptions were violated (fewer than 50 
samples, or expected values below 5). To compare the percentage sterility of the 
different crosses (for behavioural-, spermatogenic- and total sterility), we performed χ2 
tests on proportions to see if the level of sterility depends on the cross type. When 
true, a Tukey-type multiple comparison was performed to test which crosses were 
significantly different (Zar, 1999). It was also determined whether there is a tendency 
for hybrids that carry more N. vitripennis alleles on each of the 5 chromosomes to be 
more or less often sterile. For this, the genotypes of fertile and (spermatogenically) 
sterile hybrids were compared. The data for all markers was merged per chromosome 
and the number of V alleles that was found per chromosome was tested for sterile 
versus fertile males of both hybrid types using a 25 χ2 goodness-of-fit. All tests were 
performed using Microsoft Excel 2003 and GraphPad online (GraphPad Software, 
CA). 
RESULTS 
Linkage map construction 
We inferred a linkage map based on the marker segregation data from 201 F2 
hybrid male embryos after discarding individuals for which more than 20% of the 
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markers failed to amplify. Data from the reciprocal hybrid crosses were pooled 
because we did not observe marker transmission ratio distortion at the embryonic 
stage in either mapping population (see below). We deliberately left two additional 
markers (i.e. Nv324 and Nv344) in the final dataset despite the fact that they did not 
map reliably, since we knew their position on the linkage map (chromosome 5, near 
marker Nv125). Five markers (out of the initial 55) were removed from the dataset 
because they failed to amplify in more than 20% of the embryonic samples. The final 
linkage map consisted of 48 microsatellite markers (table 3.2), spread over 5 linkage 
groups (fig. 4.2), that were assigned to the 5 chromosomes of Nasonia using four 
anchored microsatellites (according to Rütten et al., 2004), The total map length was 
490 cM and approximates the full Nasonia genome of 295 Mb (Werren et al., 2010). 
 
F1 mortality 
We found significant differences between the number of eggs laid and the 
number of eclosing adults in all analysed crosses, except the N. vitripennis pure strain 
control (VV[V]; fig. 4.3). Since all strains that were used in our experiment are 
genetically homogeneous, all F1 female offspring from a given type of cross has the 
same genotype. This means that genetic variance contributes little to phenotypic 
differences of the F1 hybrids and that the observed variance in their survival is largely 
due to environmental fluctuations. This is also underlined by the significant mortality 
in pure N. longicornis LL[L], which disappears in the next generation that was cultured 
on a different batch of hosts (see below). Because of haplodiploidy, F1 males from the 
VV[V] and LV[V] crosses are pure strain N. vitripennis, and F1 males produced in the 
LL[L] and VL[L] crosses are pure strain 
N. longicornis. The number of pure species 
males did not differ between crosses 
(MWU test VV[V] vs LV[V] p=0.269, 
LL[L] vs VL[L] p=0.971), which shows 
that F1 mortality is due to a reduction of F1 
females (how this reconciles with the 
presence of sex-specific mortality will be 
discussed later). Table 4.2 shows the 95% 
confidence intervals for the F1 survival 
probabilities of the hybrid and pure species  
Table 4.2: 95% confidence intervals of the 
survival probabilities for the hybrid and pure 
species crosses. 
Survival is calculated over the total offspring 
count: in the F1 these are male and female 
(sex ratio greatly biased towards female), in 
the F2 these are only male. 
95% confidence interval 
F1 F2 
cross (female-biased) (male) 
VV[V] 85.8 99.6 85.5 99.9 
LV[V] 76.9 87.2 72.2 84.2 
VL[L] 49.8 61.3 68.8 81.9 
LL[L] 66.9 83.9 106.3 124.2 
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crosses. Based on non-overlapping confidence intervals, only F1 offspring from the 
VL[L] cross have lower survival than offspring from the other three crosses, the 
survival of the LV[V] cross did not differ significantly from either of the pure species. 
 
F2 mortality 
F2 hybrid males suffered from significant mortality (fig. 4.4). Since the genome of 
F2 hybrid males is a product of recombination between the two chromosomal sets of 
the mother, each hybrid male has a unique nuclear genome. Fig. 4.4 shows that F2 
hybrid male mortality is slightly higher in the VL[L] hybrids than in the LV[V] hybrids, 
with the only genetic difference between them being their cytoplasm. Table 4.2 shows 
the 95% confidence intervals for the F2 survival probabilities of the hybrid and pure 
species crosses. Pure species F2 males have very high survival (in N. longicornis even 
over 100% due to independent samples within and between groups, but the number 
of adults is not significantly higher than the number of eggs), while the hybrid F2 
males have a lowered survival probability that is similar for both reciprocal hybrid 
crosses. 
Figure 4.3: F1 mortality. 
F1 mortality in the hybrid and pure species
crosses. Egg (black bars) and adult (grey bars) are
plotted per cross type. Adult offspring is split in
dark grey (male), solid light grey (female fertile)
and patterned light grey (female sterile). Sample
sizes are indicated in the bars, * indicates
significant difference between the number of eggs
and adults per cross based on Mann-Whitney U
test with α=0.05. The letters indicate different
groups with regard to the number of eggs
produced in the different crosses (Mann-Whitney
U test, α=0.05). 
Figure 4.4: F2 mortality. 
F2 mortality in the hybrid and pure species
crosses. Egg (black bars) and adult (grey bars) are
plotted per cross type. Adult offspring is split in
solid dark grey (male fertile) and patterned dark
grey (male sterile). Sample sizes are indicated in
the bars, * indicates significant difference between
the number of eggs and adults per cross based on
Mann-Whitney U test with α=0.05. The letters
indicate different groups with regard to the
number of eggs produced in the different crosses
(Mann-Whitney U test, α=0.05). 
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F1 female sterility 
Female sterility was estimated as the proportion of F1 females that did not 
produce F2 males. This proportion was used to infer the ratio of fertile and sterile F1 
females in our dataset (fig. 4.3). F1 female sterility did not differ significantly across all 
four crosses (p>0.05 χ2 on proportions, (Zar, 1999)). The egg-production of hybrid 
females was similar to pure N. longicornis females, but reduced compared to pure 
N. vitripennis females (Tukey test, p<0.05, see letters in fig. 4.4 for differences in F2 
egg-production by F1 females). 
   
Figure 4.5: F2 male courtship behaviour. 
Courtship behaviour of F2 males from hybrid and
pure species crosses measured as the ability of
males to display different categories of the male
mating behaviour. The cumulative proportion of
males that showed a particular behaviour is
plotted against the behavioural category. 
 
Figure 4.6: F2 male sterility. 
F2 male sterility for three different types of 
sterility: behavioural sterility, spermatogenic 
sterility and total sterility (combining different 
sterilizing factors). The percentage of sperma-
togenic sterility is based on mated males only, 
because for the unmated males the sperma-
togenic sterility could not be determined. Sample 
sizes are indicated under the bars, the letters 
indicate a significant difference between the 
different types of males for a particular type of 
sterility based on a Tukey-test for multiple 
comparisons (α=0.05) (different shadings of 
letters indicates which values have been tested 
against each other). 
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F2 male sterility 
We tested a subset of F2 males for behavioural sterility by recording their 
courtship behaviour for seven different behavioural categories (table 4.1) in isolation 
with a single virgin female for 10 minutes. The results show that nearly all pure strain 
males displayed normal courtship, whereas many hybrid males showed aberrant 
courtship behaviour (fig. 4.5). Table 4.3 shows the transition probabilities of males 
performing a typical sequence of courtship behaviours, ranging from showing interest 
in the female to performing a copulation with postcopulatory behaviour. When males 
exhibit normal courtship, they transit from the first to subsequent categories with high 
probabilities. Hybrid males showed significantly lower transition rates for all 
categories, except from ‘mounting’ to ‘display’. This means that hybrid males that 
were able to mount a female were also able to display courtship to that female. In 
almost all cases, the two pure crosses showed similar transition probabilities to each 
other, as did the two hybrid crosses. When combining all the aberrant courtship 
behaviours that did not lead to a successful copulation, we get a measure of 
behavioural sterility (fig. 4.6). The graph shows that hybrid males tend to be 
significantly more often sterile than males of the two pure species (Tukey-type 
multiple comparison, α=0.05) 
We estimated the level of spermatogenic sterility of F2 males by scoring the 
daughter production of those males that had successfully copulated (fig. 4.6). The 
estimated level of spermatogenic sterility in pure species males is less than 3%. The 
level of spermatogenic sterility in hybrid males is much higher, with the highest level 
for VL[L] males (57% compared to 21% for LV[V]). Using a Tukey-type multiple 
F2 







VV[V] 57 1.00a 1.00a 1.00 1.00a 1.00a 1.00a 
LV[V] 126 0.87b 0.79b 0.93 0.48b 0.82b 0.94a.b 
VL[L] 124 0.83b 0.70b 0.96 0.33b 0.74b 0.82b 
LL[L] 60 0.92a.b 0.96a 0.96 0.78c 1.00a 1.00a 
 p 0.008 <0.0001 0.241 <0.0001 <0.0001 0.002 
Table 4.3: Transition probabilities between different categories of male courtship 
behaviour in the hybrids and pure species. Bold p values indicate a significant 
difference (α=0.05, χ2 or Fisher’s exact test) between the probabilities within a 
category. The letters indicate within a category which lines differ from each other in 
the transition from one category to the next; i.e. letters indicate per behavioural 
category which lines have the same courtship behaviour.
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comparison to determine which crosses differed from each other, we found that 
spermatogenic sterility (fig. 4.6) of the two hybrid crosses is higher than that of the 
pure VV[V] cross, but the level of sterility in the LV[V] cross is equal to pure LL[L]. 
Combining behavioural and spermatogenic sterility gives a measure for total 
sterility of F2 males (fig. 4.6). A large percentage of hybrid F2 males is sterile, whereas 
the percentage of sterile F2 pure males is much smaller. All types of males differed 
significantly from each other in the percentage of total sterility (Tukey-type multiple 
comparison, α=0.05). Hybrids with N. longicornis cytoplasm had a higher level of 
sterility than hybrids with N. vitripennis cytoplasm. This is also reflected by the 
genotypic data (described in more detail below). When comparing the genotypes of 
fertile and sterile males from the two hybrid crosses for the occurrence of N. vitripennis 
alleles on the 5 different chromosomes, only the VL[L] dataset shows a strong bias 
towards N. longicornis alleles in fertile males (p<0.0001). This effect is evident for loci 
on chromosomes 2 – 5, but strongest for chromosomes 2 and 5. 
 
Transmission ratio distorting loci (TRDLs) 
After the F2 hybrid males were tested for sterility, they were genotyped with the 
50 microsatellite markers that were used to construct the linkage map (markers Nv324 
and Nv344 were also used, although they could not be mapped). A total of 126 LV[V] 
and 124 VL[L] F2 males were analysed, from which only one LV[V] sample was 
removed because of bad amplification. Each marker was tested for a deviation from 
the expected ratio of 1:1 of parental alleles using χ2 tests after Yates and Bonferroni 
corrections. 
The marker segregation data of the LV[V] hybrids suggested a TRDL on 
chromosome 1 at marker Nv22 and at all markers on chromosome 5 in the region 
between and including Nv109 and Nv325. In all cases the distortion was in favour of 
the N. vitripennis (V) allele. No significant marker segregation bias was found on 
chromosomes 2, 3 and 4. Marker segregation data in hybrids from the reciprocal cross 
(VL[L]) suggested a TRDL on chromosome 4 from and including marker Nv26 to 
Nv342 and on chromosome 5 for all the markers. In all cases the distortion was in 
favour of the N. longicornis (L) allele. Chromosomes 1, 2 and 3 were not distorted in 
their marker segregation. The distortion is illustrated in fig. 4.2 as the percentage of V 
alleles in F2 males of each hybrid cross. It is evident that in both hybrid crosses the 
microsatellite alleles are distorted towards the species that delivered the cytoplasm 
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 (including the mitochondria): N. vitripennis for LV[V] and N. longicornis for VL[L]. 
To estimate the number of TRDLs that could explain the observed distortion in 
the genotypic data, we applied a Bayesian mapping approach. For the F2 hybrids with 
N. vitripennis cytoplasm, it predicted a single TRDL on chromosome 1 with a posterior 
probability (pP) of 73% and a single TRDL on chromosome 5 with a pP of 75.2%. 
For the F2 hybrids with N. longicornis cytoplasm, the Bayesian analysis was much less 
distinct. The analysis suggested one or two TRDLs on chromosome 4 with a pP of 
47.5% and 43.2% respectively, and an additional TRDL on chromosome 5 (pP of 
59.4%). The analysis for chromosome 3 revealed the presence of one TRDL based on 
the Bayesian method (pP of 62.8%), while the χ2 failed to identify marker segregation 
distortion on that chromosome. The results of the Bayesian analysis with the number 
and location of the TRDLs are shown in fig. 4.7. 
We tested whether the genotype of one TRDL was dependent on the genotype of 
another TRDL by applying a χ2 test to the most distorted markers in our two F2 
hybrid datasets. In F2 hybrids with N. vitripennis cytoplasm, we tested Nv22 (chr 1) and 
Nv46 (chr 4), and in F2 hybrids with N. longicornis cytoplasm, we tested Nv337 (chr 4) 
and Nv326 (chr 5). The comparison of the observed recombinant and non-
recombinant genotypes to those expected when the two respective markers segregate 
independently, revealed in neither case any evidence for a two-way interaction (p=0.20 
and 0.48 for N. vitripennis and N. longicornis cytoplasm respectively). Given that the 
Bayesian mapping approach of TRDLs suggested slightly different positions of the 
TRDLs for hybrids with N. longicornis cytoplasm (on chromosome 4 and 5 and an 
additional TRDL on chromosome 3) compared to the χ2 method, we conducted a 
222 χ2 test on the genotypes of the markers Nv300, Nv46, and Nv302. Again, we 
found no evidence for an interdependence of the markers (p=0.16). 
To assess the impact of nuclear-nuclear incompatibilities on hybrid mortality in 
general, we tested for significant deviations from the observed and expected ratio of 
recombinant and non-recombinant genotypes of all marker pairs for which the 
individual markers are on different chromosomes with the aid of a χ2 test. To account 
for linkage, and thus interdependence of markers on a given chromosome and 
multiple testing, we simulated 10 000 random mapping populations with the same 
marker order and marker distances as in our experiments, but with no marker 
segregation bias. Analysing the simulated datasets, we found χ2 values larger than 
12.304 for the conducted pair-wise tests to occur in less than 5% of the cases. We 
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therefore chose this value to assess significance in our F2 hybrid populations. None of 
the χ2 values from our F2 hybrid genotypes with N. longicornis cytoplasm exceeded the 
threshold value of 12.304. However, the χ2 tests of marker pairs in hybrids with 
N. vitripennis cytoplasm revealed a significant deviation from the expected values for 
marker-pair Nv306 (chromosome 2) and Nv339 (chromosome 4) (χ2=12.778). 
DISCUSSION 
We tested for the presence of sex-specific hybrid incompatibilities in the wasp 
genus Nasonia by investigating reciprocal crosses of Nasonia vitripennis (V) and 
N. longicornis (L) to estimate mortality and sterility in males and females of pure strain 
and hybrid offspring. Compared to pure N. vitripennis, F1 female offspring of the 
hybrid crosses and the pure N. longicornis cross suffered from significant mortality. 
This mortality is, however, due to environmental factors rather than a disruption of 
gene-interactions in hybrid females. There are several arguments for this. First, 
mortality of the pure N. longicornis strain varied between generations and was not 
severe in the F2 control cross. This is most likely due to variable host quality. Second, 
since all F1 female offspring of a particular cross were genetically identical, any 
difference in mortality between individuals must have been environmentally induced. 
These observations are consistent with the biology of the species; N. vitripennis is a 
generalist parasitoid wasp and N. longicornis is a specialist of Protocalliphora blowfly 
pupae, a host species that we are unable to culture in the lab. N. longicornis is therefore 
more likely to be sensitive to fluctuations in host quality. In addition, the number of 
offspring produced by F1 hybrid females was lower than that of pure strain 
N. vitripennis, but it was equal to that of pure strain N. longicornis. A likely reason for 
this is that N. vitripennis females have eight ovarioles, whereas N. longicornis females and 
the reciprocal hybrids have only six each (E. Geuverink, pers. com.). 
Our data revealed that first generation hybrid male (F2) mortality was significantly 
larger than F2 pure male mortality, but much smaller than that reported for hybrids of 
N. vitripennis and N. giraulti (Breeuwer & Werren, 1995). This difference in hybrid 
mortality between species pairs could be due to the different Nasonia species that were 
used, but also due to differences in experimental conditions (like host species), as 
environmental factors appear to also affect the level of F1 female mortality. This large 
effect of environmental conditions on the level of mortality obstructs the direct 
comparison of F1 and F2 mortality, because the subsequent generations experience 
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different conditions. This is why in our experiment we always need to compare the 
hybrid mortality to the pure species mortality in the same generation in order to infer 
the level of mortality of the hybrids. 
We found that F2 male sterility was higher in hybrids than in pure strain 
individuals, while F1 female sterility was not. The sterility test for pure LL[L] males 
differed from that of the other types of males in that N. longicornis rather than 
N. vitripennis virgin females were used. Nevertheless, the transition probabilities of the 
pure F2 males were in most cases similar, which shows that both pure strain transition 
probabilities are a good control for the two hybrids. The F2 hybrid male transition 
probabilities showed that hybrid males suffered greatly from behavioural sterility, 
similar to hybrids of N. vitripennis and N. giraulti (Clark et al., 2010). As the transition 
probabilities of both types of hybrids were equal, the cytoplasmic background does 
not affect the male’s behaviour and the dysfunctions in courtship behaviour are most 
likely due to disruption of nuclear (courtship) genes. Hybrids with N. vitripennis 
cytoplasm suffered less from spermatogenic sterility than those with N. longicornis 
cytoplasm, which is in line with hybrids of N. vitripennis and N. giraulti (Clark et al., 
2010). A role for cytoplasmic factors in inducing male (spermatogenic) sterility has 
been proposed previously (Ehrman, 1963; Mishra & Singh, 2005), but currently 
receives little scientific interest. 
This is the first systematic study on sex-specific hybrid incompatibilities in a 
haplodiploid species pair. We found sex-specific hybrid incompatibilities with 
heterozygous females suffering less than hemizygous males for hybrids of N. vitripennis 
and N. longicornis which is largely consistent with limited data obtained from 
N. vitripennis and N. giraulti (Breeuwer & Werren, 1995). These results are in 
concordance with predictions by Haldane (1922) and our predictions made in chapter 
2 about the presence of sex-specific hybrid incompatibilities in species with 
haplodiploid sex determination. We do, however, stress that the mechanisms that lead 
to Haldane’s rule in haplodiploids can differ from those in diploids. As discussed 
below, cytonuclear incompatibilities seem to cause hybrid incompatibilities in Nasonia, 
and the disruption of the oxidative phosphorylation (OXPHOS) pathway is a likely 
candidate for causing hybrid mortality. If dominance plays a large role in hybrid 
incompatibilities, then the cytonuclear interactions are unlikely to lead to hybrid 
incompatibilities in F1 hybrids of diploid species. This follows from the fact that the 
nuclear OXPHOS genes are predominantly located on the autosomes (more than 84% 
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of the nuclear OXPHOS genes are located on the autosomes in Drosophila, based on 
MitoDrome1). Thus recessive incompatibilities between the autosomal genes and the 
cytoplasm would always be masked by heterozygosity in diploid F1 hybrid offspring. 
In this study we took the first step in studying Haldane’s rule in Nasonia: we 
observed that diploid females suffer less from hybridization than haploid males. F1 
female hybrids are mostly viable and fertile, whereas a significant percentage of hybrid 
males is inviable and the few surviving hybrid males are mostly sterile. F1 hybrid 
females and F2 hybrid males of haplodiploid species are, however, not fully 
comparable in their genetic make-up. F1 hybrid females inherit one intact genome 
complement from each parental species, i.e. they are heterozygous for all diverged 
loci. F2 hybrid males inherit a single recombined chromosome set from their mother 
and each locus has either an N. vitripennis or an N. longicornis allele. This difference in 
genetic make-up between males and females can be uniquely exploited for finding the 
underlying mechanisms of Haldane’s rule in Nasonia. If only dominance-effects are 
responsible for the hybrid incompatibilities, then heterozygous hybrid females are not 
expected to suffer from incompatibilities. Our results are consistent with these 
dominance-effects, however, if faster-male effects solely explain incompatibilities in 
this cross, then hybrid females are not expected to suffer from incompatibilities either. 
Since F1 diploid hybrid offspring possess one chromosome set from both parental 
species, the magnitude of hybrid incompatibilities in F1 hybrids is highly dependent on 
dominance-effects, regardless of the sex of the hybrid. Therefore, the next step in 
studying Haldane’s rule in Nasonia and to distinguish between the dominance theory 
and the faster-male theory is to make partly homozygous hybrid females by 
backcrossing F1 hybrid females to both parental species. If dominance-effects explain 
Haldane’s rule in Nasonia, the obtained hybrid females should suffer from hybrid 
incompatibilities. However, if faster-male effects explain Haldane’s rule instead, the 
obtained hybrid females should not suffer from hybrid incompatibilities. Note, 
however, that F2 females derived from backcrosses will still be heterozygous for, on 
average, 50% of their genome. Therefore, the resulting mortality/sterility will be 
obscured by heterozygosity if dominance plays a large role. A specific TRDL in F2 
haploid males will show a significant bias towards heterozygosity in F2 backcross 
hybrid females under the dominance theory. In contrast, the faster-male theory does 
not predict a bias at such TRDL in females. These scenarios are studied in chapter 6. 
                                                            
1 http://mitodrome.ba.itb.cnr.it) 
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We have identified the genomic regions that are involved in causing F2 hybrid 
male mortality using microsatellite markers. Hybrid mortality in crosses between 
N. vitripennis and N. longicornis is highly genotype-specific. N. vitripennis nuclear genes 
on chromosome 4 and 5 appear to be disrupted in their function if they are in 
N. longicornis cytoplasm and N. longicornis nuclear genes on chromosome 1 and 5 are 
disrupted in their function if they are in N. vitripennis cytoplasm. This asymmetry of 
incompatibilities when studying reciprocal crosses is a common phenomenon for 
incompatibilities between few loci (Turelli & Moyle, 2007). Candidates for a stringent 
coevolution of nuclear and cytoplasmic genes are those coding for the OXPHOS 
pathway, whose efficacy is most likely also dependent on environmental factors 
(Rawson & Burton, 2002). Nuclear and mitochondrial genes are interacting in four out 
of five OXPHOS complexes (only complex II consists of nuclear products only). 
Ellison et al. (2008) found that OXPHOS complexes in Nasonia hybrids are less 
functional than those of pure species. Gibson et al. (2010) mapped the nuclear 
encoded OXPHOS genes in Nasonia and found that chromosomes 1, 2, 4 and 5 
encode for OXPHOS genes with non-synonymous substitutions among Nasonia 
species. Whether these substitutions are responsible for the observed hybrid 
mortalities needs to be validated by functional analysis of the genes. 
A study on hybrids of N. vitripennis and N. giraulti suggested nuclear-nuclear 
hybrid incompatibilities being partially responsible for hybrid mortality (Breeuwer & 
Werren, 1995). Here, we screened for nuclear-nuclear incompatibilities by means of 
analysing linkage disequilibrium between markers from different chromosomes. Our 
data revealed one significant deviation from the expected ratio of recombinant and 
non-recombinant genotypes between two markers, one on chromosome 2 and one on 
chromosome 4 in hybrids with N. vitripennis cytoplasm. As we found no linkage 
disequilibrium between these two markers in the reciprocal cross, the interdependency 
might be part of a higher order incompatibility that includes a cytoplasmically 
inherited genetic factor. Niehuis et al. (2008) also found only evidence for cytonuclear 
incompatibilities between N. vitripennis and N. giraulti. Our data and those by Niehuis et 
al. (2008) indicate that cytonuclear incompatibilities play a primary role in hybrid 
incompatibilities in Nasonia. Whether or not this is a unique characteristic of the 
Nasonia genus remains to be investigated. However, given that the mitochondrial 
genome typically evolves faster than the nuclear genome (the Nasonia mitochondrial 
genome evolves 35 times faster than the Nasonia nuclear genome (Oliveira et al., 2008)) 
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and that cytonuclear incompatibilities in Nasonia are likely recessive, it appears likely 
that cytonuclear incompatibilities are more widespread and may have only remained 
undetected in diploid organisms because of dominance effects (but see Burton et al., 
2006). 
We have located transmission ratio distorting loci (TRDLs) responsible for the 
hybrid incompatibilities between N. vitripennis and N. longicornis, which are in 
congruence with previous results from N. vitripennis and N. giraulti. Our data suggest 
nuclear loci on chromosomes 4 and 5 whose N. vitripennis allele is incompatible with 
an allospecific cytoplasm (i.e. that of N. longicornis). Niehuis et al. (2008) postulated a 
similar locus on chromosome 4 only. Furthermore, we identified nuclear loci on 
chromosomes 1 and 5, which are incompatible with N. vitripennis cytoplasm when 
having an allospecific nuclear allele. Niehuis et al. (2008) again found similar results 
when studying N. vitripennis and N. giraulti. Although the currently available mapping 
data are not accurate enough to evaluate the evolution of hybrid incompatibilities in 
the Nasonia genus in detail, it appears that most of the mapped hybrid 
incompatibilities evolved prior to the split of N. longicornis and N. giraulti. This is 
supported by the lack of hybrid incompatibilities between these species (Bordenstein 
et al., 2001). The true nature of the gene-interactions can ultimately only be fully 
assessed by identifying the genes that underlie the hybrid incompatibilities. 
We have found a large effect of the cytotype on F2 hybrid male sterility and 
mortality, indicative of nuclear mitochondrial crosstalk (illustrated by our genetic 
analysis). Cytotype did not affect F1 hybrid female sterility and mortality. The 
disruption of the nuclear-mitochondrial crosstalk could explain our finding of sex-
specific hybrid incompatibilities in Nasonia. Different Nasonia species are infected by 
different strains of Wolbachia and these Wolbachia species seem to have caused 
mitochondrial sweeps during their spread (Raychoudhury et al., 2010b). This could 
have strengthened the co-evolution of nuclear and mitochondrial genes in Nasonia. 
Furthermore, cytonuclear incompatibilities can have different effects on male and 
female mortality (e.g. different energy requirements) and sterility (no role of 
mitochondria reported during oogenesis). 
We have studied hybrid incompatibilities in F1 and F2 female and male hybrids of 
N. vitripennis and N. longicornis, and we have found that this genus of haplodiploid 
wasps follows a sex-specific pattern described by Haldane’s rule. Hybrid 
incompatibilities in Nasonia cause both mortality and sterility, and the specific 
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mortality level is largely controlled by the cytoplasm, suggesting cytonuclear 
incompatibilities. Although haplodiploids have been ignored so far when studying 
Haldane’s rule, our data suggest that haplodiploids at least follow the predictions of 
the rule in that the heterozygous sex suffers less than the hemizygous sex. We 
encourage other researchers to test these sex-specific hybrid incompatibilities in more 
haplodiploid systems in order to identify the generality of Haldane’s rule and to 
facilitate identification of the genetic mechanisms underlying Haldane’s rule. 
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TEMPERATURE STRESS INCREASES 
HYBRID INCOMPATIBILITIES IN THE 
PARASITIC WASP GENUS NASONIA 
Tosca Koevoets, Louis van de Zande & Leo W. Beukeboom 
 
Abstract 
Hybrid incompatibilities, measured as mortality and sterility, are caused by the 
disruption of gene-interactions. They are important postzygotic isolation barriers to 
species hybridization and much effort is put into the discovery of the genes 
underlying these incompatibilities. In hybridization studies of the haplodiploid 
parasitic wasp genus Nasonia, genic incompatibilities have been shown to affect 
mortality and sterility. The genomic regions associated with mortality have been 
found to depend on the cytotype of the hybrids and thus suggest cytonuclear 
incompatibilities. Since environmental conditions can affect gene expression and 
gene-interaction, we here investigate the effect of developmental temperature on 
sterility and mortality in Nasonia hybrids. Results show that extreme temperatures 
strongly affect both hybrid sterility (mainly spermatogenic failure) and mortality. 
Molecular mapping revealed that extreme temperatures increase transmission ratio 
distortion of parental alleles at incompatible loci and thus cryptic incompatible loci 
surface under temperature stress that remain undiscovered under standard 
temperatures. Our results underline the sensitivity of hybrid incompatibilities to 
environmental factors and the effects of unstable epistasis. 
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Introduction 
Questions about the evolutionary processes that drive speciation have raised 
much controversy among biologists since Darwin’s “The Origin of Species”. Even the 
scope of reproductive isolation is under debate (Wu, 2001; Feder & Nosil, 2010; 
Butlin et al., 2012). Where the concept of reproductive isolation relates to individuals 
(and thus complete genomes), a genic view of speciation considers the isolation of 
specific differentiated genes in the genome. These drive the process of speciation as 
genomic regions linked to the genes under selection start diverging and cause 
differentiation of more and more loci. One key aspect of postzygotic reproductive 
isolation is the lowered fitness of hybrid offspring, which is referred to as hybrid 
incompatibility and is usually measured as hybrid mortality and/or sterility. Hybrid 
incompatibilities are believed to be caused by the disrupted interaction between two or 
more genes that have diverged in different species, since selection acts on the 
interaction between genes within a species but not between species. These negative 
epistatic gene-interactions are known as Dobzhansky-Muller interactions (see chapter 
1 for more details). The effects of hybrid incompatibilities can be numerous (e.g. 
mortality in different stages of development, behavioural sterility, spermatogenic 
sterility), as the genes that cause the incompatibilities can be of various functions and 
genomic locations (Coyne & Orr, 2004). Therefore, the types of hybrid 
incompatibilities can be both nuclear-nuclear (including autosomal-sex chromosomal) 
and cytoplasmic-nuclear (i.e. cytonuclear). Much effort has been directed towards 
identifying the genes underlying genic incompatibilities, referred to as “speciation 
genes” (reviewed by Presgraves, 2010). Even though no general pattern in the types of 
genes or processes involved has emerged, it seems that the genes underlying the 
incompatibilities often bear marks of adaptive evolution, which is counterintuitive for 
a maladaptive trait like hybrid incompatibility. The signs of adaptive evolution, 
however, are likely a response to the preceding neutral and perhaps deleterious 
genomic changes that are expected to occur as “genomes are intrinsically unstable” 
and these genomes need to respond to mutations and invasions by pathogens and 
genetic elements (Presgraves, 2010). 
The haplodiploid wasp genus Nasonia is an emerging model system for 
evolutionary genetics and the genetics of speciation, due to its short generation time, 
haplodiploid genetics (diploid females, haploid males) and sequenced genomes 
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(Werren et al., 2010). The genus consists of four species (N. vitripennis, N. longicornis, 
N. giraulti and N. oneida), that are reproductively isolated by Wolbachia-infections, but 
show various levels of pre- and postzygotic reproductive isolation when cured from 
Wolbachia. When hybridizing either of the two closely related species N. longicornis or 
N. giraulti to the more distant N. vitripennis, F1 hybrid females are viable and fertile, 
while genic incompatibilities in F2 hybrid males lead to significant mortality (Breeuwer 
& Werren, 1995; chapter 4) and sterility (Clark et al., 2010; chapter 4). 
The genetic basis of hybrid mortality in Nasonia has been studied by genetic 
mapping approaches (Niehuis et al., 2008; chapter 4). The results showed that Nasonia 
hybrids suffer from mortality induced by nuclear genomic regions (referred to as 
transmission ratio distortion loci, or TRDLs) that differ between the reciprocal hybrid 
crosses and are less severe when the cytotype is N. vitripennis. This asymmetry and the 
selective advantage of the allele that matches the cytoplasm suggest an effect of the 
cytoplasm in causing hybrid mortality, with the disruption of oxidative 
phosphorylation (OXPHOS) as a promising candidate process (Ellison et al., 2008). As 
Nasonia hybridizations seem to affect the interaction between nuclear and 
mitochondrial genes, the question was raised whether temperature stress would 
amplify this disruption since mitochondria are presumed to adapt to the thermal 
environment (Ballard & Whitlock, 2004). 
Although the effect of environmental conditions on gene-interactions has been 
discussed previously (Bordenstein & Drapeau, 2001) and the interaction between 
temperature and cytoplasm has been shown to affect incompatibilities in hybrids 
(Willett & Burton, 2003; Demuth & Wade, 2007; Arnqvist et al., 2010), no studies have 
evaluated the effect of developmental temperature on the genomic regions involved in 
genic incompatibilities. However, if environmental conditions play a large role in the 
strength of incompatibilities and the discovery of the underlying genes, then 
knowledge of such effects is crucial when comparing across hybrid incompatibility 
studies and inferring evolutionary processes that take place under fluctuating natural 
conditions. 
This chapter focuses on the detection of incompatibilities in F2 haploid male 
hybrids of N. vitripennis and N. longicornis. We expose F2 offspring to different 
developmental temperatures and measure the effects on sterility and mortality. By 
determining the recovery rate of parental alleles of 32 microsatellite markers, we test 
whether temperature stress increases the number of loci that cause mortality, or causes 
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a stronger allelic distortion at the same genomic 
regions across temperatures. 
Materials and methods 
The strains that were used for this 
experiment are AsymC for N. vitripennis (origin: 
Leiden, NL) and IV7R2 for N. longicornis (origin: 
Utah, USA), which have been cultured in the lab 
for several years and are identical to those used 
throughout this thesis. The strains were cultured 
under constant light, at 25°C and reared on 
Calliphora sp. fly pupae as hosts. 
Fig 5.1 gives an overview of the experimental 
setup. The experiment was designed after chapter 
4, but here only incompatibilities of F2 males are 
measured. Because of haplodiploid reproduction, F1 
(diploid) hybrid females are bred as virgins to 
produce F2 hybrid males that are haploid and 
recombinant. We measured a number of fitness 
related traits in F2 hybrid and pure species males 
that developed at three different temperatures (i.e. 15°C, 25°C and 31°C). These 
temperatures were chosen since pure species Nasonia are able to develop within this 
temperature range (Grassberger & Frank, 2003) and pilot studies have shown that 
hybrid incompatibilities are increased at the extremes of this range. 
 
Crosses 
Virgin male (±24h old) and female wasps (±72h old and kept on hosts for 
feeding and to initiate egg-laying) were set up in four different crosses (one ♂  one 
♀): N. vitripennis  N. vitripennis, N. longicornis  N. longicornis, N. longicornis  
N. vitripennis and N. vitripennis  N. longicornis. These crosses are referred to as VV[V], 
LL[L], LV[V] and VL[L] respectively; they refer to a diploid non-recombined genome 
for F1 mothers and a haploid recombined genome for F2 males. F1 females were 
collected as virgins ±72h prior to eclosion (i.e. before shedding the pupal skin) and 
Figure 5.1: Experimental setup 
chapter 5. 
Only the cross between pure N. 
vitripennis males and females is 
shown, but (apart from the species) 
the setup is identical for all four 
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kept in plastic tubes in groups of ±15 females. Upon eclosion, females were kept on 
hosts for 48h prior to the experiment to feed and initiate egg-laying. 
 
Egg-to-adult survival and development 
Since egg-counting requires dissection of the fly host, it leads to high levels of 
mortality. Therefore, egg-to-adult survival is determined indirectly by comparing the 
number of eclosing wasps to the number of eggs from a control group of the same 
cross. F1 virgin females were randomly divided over four groups (see table 5.1 for 
sample sizes): (1) egg-counting or development at (2) 15°C, (3) 25°C and (4) 31°C. 
Females from all groups were transferred to individual plastic tubes and received 2 
hosts for 24h for three consecutive days (experimental days one to three). After 24h 
of parasitization at 25°C, the hosts were removed and treated according to their 
group: (1) submerged in Carnoy’s fixative (ethanol:glacial acetic acid = 1:3) and stored 
at -20°C for at least 48h until egg-counting or transferred to (2) 15°C, (3) 25°C and (4) 
31°C. Hosts from group 2 to 4 were incubated at their specific temperature until ±72h 
prior to eclosion of the first adults. Upon opening the hosts, F2 male offspring were 
counted in 4 different categories [“adults” (late instar pupae later confirmed to eclose), 
“prepupae”, “larvae” and “diapause”] and the adults (pupae near eclosion) were 
collected in plastic tubes in groups of ±20 wasps. After collection, their eclosion was 
recorded daily to determine death during the final developmental stages and to score 
development time of the late instar pupae. To determine the survival probability per 
cross per temperature, offspring was counted from the two hosts of experimental day 
2 and averaged per female. Unparasitized hosts (5.6%) were removed from the 
dataset. Survival was measured by comparing the number of eggs of group 1 to the 
number of eclosed adults of groups 2-4. The pre-adult stages (larvae, pre-pupae and 
diapause) were scored as incomplete development. The variance in survival probability 
experiment
egg-to-adult survival emergence 
Cross type eggs 15°C 25°C 31°C 15°C 25°C 31°C 
VV[V] 20 20 20 20 5 5 5 
LV[V] 19 20 20 20 5 5 5 
VL[L] 19 19 19 19 4 5 5 
LL[L] 19 18 18 18 5 3 3 
Table 5.1: Sample sizes of F1 mothers for which the offspring production was 
measured (egg-to-adult survival and emergence experiments). 
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was calculated from the variances of the number of eggs and adults following 
Breeuwer & Werren (1995) and the normal distribution was used to determine 
confidence intervals at α=0.05. Survival was tested with ANOVA to determine 
whether the survival rate of a cross varied between temperatures. The ratio of adults 
to incompletely developed wasps was used to test for an effect of temperature and 
cross type on development disruption using Generalized Linear Models (GLM) in R. 
For this, the total offspring of a female was used rather than the average over all 
parasitized hosts. 
 
Extended development and emergence 
Wasp development tends to be disrupted in hybrids, leading to a large range of 
development rates. A separate set of hosts (from all temperatures and crosses) was left 
at their developmental temperature for an extended period and their emergence (from 
the host puparium) was scored (see table 5.1 for sample sizes). Hosts were later 
opened to also score undeveloped wasps and eclosed adults that had remained inside 
the host. The ratio of emerged wasps to the rest (non-emerged and undeveloped) was 
compared for each cross and temperature, using offspring from experimental days 2 
and 3 in a GLM analysis in R. 
 
Sterility 
24h after eclosion, male courtship behaviour was scored for 10 minutes by 
introducing a male individually to a virgin female. Following chapter 4, only males 
from the LL[L] cross were tested with N. longicornis virgin females, all other males were 
tested with N. vitripennis virgin females. Seven behavioural categories were 
distinguished (table 4.1): no interest, interest, mounting, display, short copulation, only 
copulation and normal copulation (including post-copulatory behaviour). These 
behaviours are successive and pure species males normally transit from the first to the 
last category with high probabilities (see chapter 4). Mated females were isolated for 
24h and subsequently provided with 3 hosts for 48h to test for the production of 
female offspring (showing F2 male spermatogenic fertility). Males were stored at -20°C 
for DNA analysis. 
Male sterility was determined in three ways: behavioural, spermatogenic and 
overall sterility. Behavioural sterility was measured as a male’s transition probability, 
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i.e. the frequency of males that perform a specific behaviour in category a that also 
perform the behaviour in category a+1 (after Clark et al., 2010). Differences in 
transitioning from one category to the next between developmental temperatures were 
tested with 23 χ2 tests for every cross after Bonferroni correction. When a significant 
difference was found, transitions were tested in a pair-wise fashion (22 contingency 
tables) to determine at which temperature male behaviour differed. Furthermore, for 
every cross and developmental temperature, the proportion of males that performed a 
specific behaviour was determined (± SE=√(p(1-p)*n)). An overall measure of 
behavioural sterility was obtained from the percentage of tested males that was able to 
induce female receptivity and progressed to copulation. 
Spermatogenic sterility was determined as the percentage of males that copulated 
with a female, but did not father any (female) offspring. This type of sterility could 
only be calculated for mated males, which resulted in small sample sizes in some 
categories. 
The overall sterility of a cross was determined by combining information on 
behavioural and spermatogenic sterility, estimated as the percentage of tested males 
that did not produce any (female) offspring. 
χ2 tests on proportions were used to test if the level of sterility depends on the 
developmental temperature. When true, a Tukey-type multiple comparison was 
performed to test which crosses differed significantly (Zar, 1999). 
Genotyping 
F2 hybrid male DNA was extracted using a high-throughput protocol adjusted 
from Hoarau et al. (2007) and Whitlock et al. (2008) (see protocol in addendum 
chapter 5). Microsatellite markers were amplified using the Qiagen multiplex PCR kit 
according to manufacturer’s recommendations (PCR profile: 15 minutes at 95°C, 
followed by 30 cycles of 30 seconds at 94°C, 1.5 minutes at TA and 1 minute at 72°C, 
followed by 45 minutes at 72°C). The F2 hybrid adults were genotyped using multiplex 
sets 1-5, with a total of 32 microsatellite markers (see table 3.2). All reactions were 
performed in 5 μL volumes (including 1 μL working DNA) using Applied Biosystems 
Veriti or Applied Biosystems 9700 thermocyclers. Fragments were diluted 400 times, 
separated on the Applied Biosystems 3730 DNA Analyzer and analysed using 
GeneMapper v4.0 (Applied Biosystems). 
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Transmission ratio distortion loci (TRDLs) 
The segregation bias for all markers in hybrid male adults was tested with χ2 tests 
(df=1) against the expected segregation of 1:1 of parental N. vitripennis and 
N. longicornis alleles, corrected for continuity (Yates) and multiple testing (sequential 
Bonferroni). We refrained from testing control embryonic samples, since F2 hybrid 
male embryos from crosses between N. vitripennis and N. longicornis lack segregation 
bias for all markers used in this experiment (chapter 4). The recombination frequency 
was determined per pair of adjacent markers and the effects of cross type (LV[V] or 
VL[L]) and temperature (15°C, 25°C and 31°C) was tested with an ANOVA with 
cross and temperature as fixed factors on the arcsine root transformed recombination 
frequencies (α=0.05, using SPSS 16.0). No significant effect of cross, temperature or 
their interaction on the recombination frequencies was found (ANOVA, cross 
F1,156=0.002, p=0.963, temperature F2,156=0.131, p=0.878, cross*temperature 
F2,156=0.136, p=0.873). 
Results 
A number of fitness related traits was measured in F2 haploid hybrid males of 
N. vitripennis and N. longicornis at three developmental temperatures (15°C, 25°C and 
31°C) and compared to those measured in pure species males. 
 
Development rate (until eclosion) 
The eclosion was scored for those wasps collected as pupae ±11 days after 
oviposition. Development rate increased with temperature in all crosses. At 25°C 
(control), the two pure species start eclosing 13 days after oviposition and the last 
eclosing males follow soon after the first (average ± σ): 13.13 ± 0.47 for pure 
N. vitripennis and 13.54 ± 0.69 for pure N. longicornis. For the hybrids, eclosion overlaps 
with the pure species but is spread over a larger time-frame (14.85 ± 0.99 for LV[V] 
and 15.47 ± 1.25 for VL[L]). At 31°C (high), a similar pattern is seen, but the 
development rate is faster and the window of eclosion is smaller (10.08 ± 0.29, 10.27 
± 0.46, 11.51 ± 0.81, 11.69 ± 0.82 for VV[V], LL[L], LV[V] and VL[L] respectively ). 
At 15°C (low), the development rate is retarded so much that pure N. longicornis start 
eclosing after the last pure N. vitripennis males have eclosed (45.36 ± 1.46 for pure 
N. vitripennis, 59.67 ± 2.49 for pure N. longicornis), with intermediate rates for the 
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hybrids and a larger window (54.05 ± 7.48 for LV[V] and 55.11 ± 7.14 for VL[L]). 
Overall, hybrid progenies show longer and more variable development rates than pure 
species progenies. For many hybrids, the development is comparable to the pure 
species, but for other hybrids the development is greatly retarded. Hybrid offspring 
  Average number of offspring1:  
  egg-to-adult survival experiment(average proportion) 
emergence 
experiment2  












(0.01) 5 36.70 0.308 






(0.01) 5 40.25 0.420 






(0.01) 5 30.00 0.483 






(0.14) 5 7.68 0.582 






(0.04) 5 23.42 0.225 






(0.06) 5 9.37 0.198 






(0.24) 4 3.58 0.012 






(0.07) 5 23.95 0.655 






(0.05) 5 6.35 0.519 






(0.10) 5 16.00 0.627 






(0.00) 3 22.42 0.305 






(0.06) 3 20.42 0.612 
1 dead offspring not shown due to uncertainties in counting dead offspring 
2 no other developmental stages shown, since they are only found in very low frequency 
All eclosed adults pooled (both emerged and non-emerged)
Table 5.2: Average offspring count in the ‘egg-to-adults survival’ and ‘emergence’ experiments. 
Number of adults is compared between experiments (e.g. VV[V] 25°C survival vs. emergence = 
31.98 vs 36.70) using t-tests (df=1), for which the p-values are shown (α=0.05/12 after Bonferroni 
correction). 
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never eclosed before pure species offspring. 
 
Disrupted development 
Since development is retarded in a large fraction of hybrids, counting the 
offspring at the moment that the fastest developers are in their final pupal instars, 
results in high frequencies of incomplete development (table 5.2). In pure species, the 
proportion of immature stages is low for all temperatures, but larger for N. longicornis 
than for N. vitripennis. The proportion of adults at 25°C (eclosed wasps collected in 
their final pupal instar) in the two reciprocal hybrid crosses is lower than that of the 
pure species (0.88 for N. vitripennis cytoplasm and 0.82 for N. longicornis cytoplasm) and 
decreases under extreme temperatures. GLM analysis, however, showed no effect of 
temperature on the proportion of adults in a clutch (p=0.453). When testing the 
extreme temperatures separately, (15°C vs 25°C and 31°C vs 25°C) cross type and the 
interaction of the two factors do have a significant effect on the proportion of adults 
in a clutch (p=0.006 for 15°C vs 25°C and p=0.025 for 31°C vs 25°C). Comparing the 
number of adults from the two experiments [1) after eclosion in the egg-to-adult 
survival experiment and 2) after extended development to measure emergence from 
the host puparium], shows no differences (t-tests, see table 5.2). This indicates that 
incompletely developed wasps encountered in the egg-to-adult survival experiment are 




The egg-to-adult survival of pure and hybrid males was determined by comparing 
the number of eggs oviposited in subsets of hosts to the number of eclosing adults 
from the remaining hosts that developed at three different temperatures until ±72h 
prior to eclosion of the first adults. We found that the applied temperatures had no 
effect on the survival of pure species males (N. vitripennis F2,56=0.89 and N. longicornis 
F2,56=0.27), but that extreme developmental temperatures lowered the survival of 
hybrid males considerably (fig. 5.2, hybrid with N. vitripennis cytoplasm F2,56=13,49, 
p<0.0001 and hybrid with N. longicornis cytoplasm F2,56=39.11, p<0.0001). Hybrid 
survival did not differ between 15°C and 31°C for both reciprocal crosses (Tukey-
Kramer test). 




Pure species males that developed at 25°C, emerged from their host in almost all 
cases (fig. 5.3). When lowering the developmental temperature to 15°C, the number of 
eclosed adults that remained inside the host increased (more for pure N. longicornis). 
Raising the developmental temperature to 31°C decreased the total number of pure 
N. vitripennis offspring, but this was not due to arrested development, indicated by low 
frequencies of immature stages. Early mortality likely caused this decrease in offspring 
number, since individuals that die early during development (e.g. during embryo-
genesis) cannot be detected. For pure N. longicornis, raising the developmental 
temperature to 31°C increased only the fraction of adults that remained inside the 
host. Extreme temperatures are detrimental to both types of hybrids. None of the 
hybrid adults emerged from the host at 15°C and 31°C and the proportion of 
undeveloped wasps increased greatly. GLM analysis showed that both temperature 
(p=0.005) and cross (p<0.0001) have an effect on the ratio of emerging adults, but 
that there is no temperature*cross interaction (p=0.063). 
 
Figure 5.2: Egg-to-adult survival (± 95% CI) for 
the pure species and hybrid crosses between 
N. vitripennis and N. longicornis developing at three 
different temperatures. 
Survival is measured as the rate of adults versus 
deposited eggs in a control group ± 1.96 × SE. 
Figure 5.3: Average number of offspring per host 
after extended developmental period (emergence 
experiment). 
For every cross and temperature, the average 
number of offspring in the different 
developmental stages is given. Developmental 
stages: emerged (males emerged from the host), 
non-emerged (fully developed and eclosed wasps 
not emerged from the host) and undeveloped 
wasps (dead individuals of various developmental 
stages). 




Pure N. vitripennis males performed normal courtship behaviour at all 
developmental temperatures (fig. 5.4A), which is illustrated by the equal transition 
probabilities between the behavioural categories (table 5.3). Pure N. longicornis show 
behavioural defects at all temperatures (fig. 5.4B). Although striking for a pure species, 
this is likely a result of the difficulty with which N. longicornis females become receptive 
(they are still the better choice as partners for N. longicornis males as N. vitripennis 
females discriminate strongly against N. longicornis males). The two types of hybrid 
males show high frequencies of aberrant courtship behaviour (fig. 5.4C-D), since the 
proportion of males with a normal copulation is very small for all developmental 
temperatures (table 5.4). In general, low developmental temperature in hybrids causes 
Figure 5.4A-D: Male courtship behaviour patterns in pure species and hybrid males 
For every cross type (A-D), male courtship behaviour is given at three developmental temperatures as the 
proportion of all tested males that performed a particular behaviour (± SE). 
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fewer males to mount and copulate. For hybrids with N. vitripennis cytoplasm, extreme 
developmental temperature increased behavioural sterility significantly (table 5.4). 
Hybrids with N. longicornis cytoplasm developing at 25°C already showed high levels of 
behavioural sterility and extreme temperatures did not aggravate this. Furthermore, 
cytotype had a small effect on the courtship behaviour, since the two types of hybrid 
males did not differ in courtship behaviour (χ2 association tests of LV[V] vs VL[L] 
behaviour for the three different temperatures only showed significant differences for 
“mounting” of males developed at 31°C, data not shown). When developed under 
high or low extreme temperatures, both types of hybrids were less successful at 
mounting the females, while low developmental temperature leads to fewer 
copulations of hybrids with N. vitripennis cytoplasm and less frequent displays of 
   transition probability to behavioural category from previous category 
cross temp. N interest mounting display short cop. only cop. normal cop. 
VV[V] 15°C 155 0.99 0.99 0.99 0.81 1.00 1.00 
 25°C 46 0.94 0.98 0.95 0.85 1.00 1.00 
 31°C 26 1.00 1.00 1.00 0.88 0.96 1.00 
  p 0.075 0.517 0.104 0.572 0.033 N/A 
LV[V] 15°C 181 0.69 0.51a 0.81 0.13a 1.00 0.86 
 25°C 163 0.77 0.78b,c 0.90 0.50b,c 0.86 0.89 
 31°C 77 0.69 0.70c 0.81 0.33c 0.80 1.00 
  p 0.179 <0.0001 0.228 <0.0001 0.476 0.583 
VL[L] 15°C 150 0.56 0.40a,c 0.65a 0.23 1.00 1.00 
 25°C 167 0.67 0.67b 0.88b,c 0.26 0.72 1.00 
 31°C 70 0.64 0.33c 1.00c 0.13 1.00 1.00 
  p 0.118 <0.0001 0.002 0.588 0.272 N/A 
LL[L] 15°C 114 0.86a 0.88 0.98 0.68a,c 1.00 1.00 
 25°C 58 0.48b,c 0.93 1.00 0.96b 0.96 0.96 
 31°C 36 0.67c 0.92 0.95 0.48c 0.90 1.00 
  p <0.0001 0.684 0.567 0.001 0.103 0.249 
Table 5.3: Transition probabilities between behavioural categories during courtship. 
Shown are the probabilities to transition from one behaviour to the next for every cross type and 
developmental temperature. Association tests were performed per cross type to test for the effect of 
temperature (2×3 χ2 with p=0.05/6, Bonferroni correction). Significant p-values are given in bold 
(α=0.05/24=0.002). For every significant effect of temperature, the different letters indicate which 
temperatures differ from each other (2×2 χ2 with p=0.05). 
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courtship behaviour in hybrids with N. longicornis cytoplasm (table 5.3). In general, 
hybrids developed under extreme temperatures mated less with females and hybrids 
with N. vitripennis cytoplasm perform slightly better than hybrids with N. longicornis 
cytoplasm. This asymmetry has been established previously (Clark et al., 2010 ; chapter 
4), but has not received much attention. 
Spermatogenic sterility 
For all copulated males, the spermatogenic sterility was measured by scoring the 
daughter-production by their mates (table 5.4). Both types of pure species males from 
all temperatures were highly fertile. The two types of hybrid males showed high 
spermatogenic sterility when developing at 25°C, and this level increased at extreme 
developmental temperatures, in particular for hybrids with N. vitripennis cytoplasm. 
Spermatogenic sterility of hybrids with N. longicornis cytoplasm from 31°C could not 
be determined, since none of these males successfully mated with a female. The 


























15°C 155 122 78.7a 122 109 89.3a 155 109 70.3a 
25°C 46 32 69.6a 32 32 100.0a 46 32 69.6a 
 31°C 26 21 80.8a 21 17 81.0a 26 17 65.4a 
           
LV 
[V] 
15°C 181 7 3.9a 7 2 28.6a.b 181 2 1.1a 
25°C 163 36 22.1b 36 23 63.9a 163 23 14.1b 
 31°C 77 7 9.1a 7 0 0.0b 77 0 0.0a 
           
VL 
[L] 
15°C 150 5 3.3a 5 2 40.0a 150 2 1.3a 
25°C 167 11 6.6a 11 6 54.5a 167 6 3.6a 
 31°C 70 0 0.0a 0 0 N/A 70 0 0.0a 
           
LL 
[L] 15°C 114 54 47.4
a 54 50 92.6a 114 50 43.9a 
 25°C 58 18 31.0a.b 18 18 100.0a 58 18 31.0a.b 
 31°C 36 5 13.9b 5 5 100.0a 36 5 13.9b 
Table 5.4: Different types of sterility measured in pure species and hybrid males. 
The effect of temperature was tested per cross type using a χ2 test on proportions. When temperature 
had an effect, a Tukey-type multiple comparison was performed to test which temperatures were 
significantly different per cross type, indicated by the different letters. 
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overall trend is that developmental temperature increases spermatogenic failure in 
hybrids. 
Overall sterility 
Information on male behavioural and spermatogenic sterility was combined into 
an overall sterility measure which reflects the proportion of tested males that yielded 
no offspring (table 5.4). Pure N. vitripennis males are largely fertile at all developmental 
temperatures, but pure N. longicornis males show moderate levels of overall sterility 
(mostly due to behavioural problems). Both types of hybrid males show high levels of 
hybrid sterility: only hybrids developing at 25°C produce some offspring (significant 
effect of temperature only for LV[V] due to the small sample sizes of all groups, see 
table 5.4) and extreme temperatures induce (near) complete sterility. 
 
Transmission ratio distortion loci (TRDLs) 
F2 hybrid male embryos of N. vitripennis and N. longicornis show Mendelian 
inheritance of alleles (chapter 4). Both types of adult hybrids tested here, however, 
show marker transmission distortions towards the cytotype of the hybrid. In addition, 
the distortion of the loci depends on the developmental temperature (fig. 5.5). 
Hybrids with N. vitripennis cytoplasm were distorted for a single locus on 
chromosome 5 (distortions indicated by boxes left of each chromosome in fig. 5.5) 
when developed at 25°C (dark grey boxes). These regions are comparable to those 
found in chapter 4. At low temperature (light grey boxes) this locus expanded to the 
complete 5th chromosome (with the exception of marker Nv125). In addition, 
transmission of all markers on chromosome 1 became distorted and the central parts 
of chromosome 2 and 3. High developmental temperature (black boxes) also 
increased the number of distorted loci compared to 25°C, but fewer than at low 
temperature: a single marker on chromosome 1, the central region of chromosome 2 
and a single marker on chromosome 5. In all cases the distortion was towards the 
N. vitripennis cytotype (fig. 5.5). The regions distorted under low developmental 
temperature encompass the distorted regions of 25°C and 31°C, but cover larger 
genomic regions. 
For hybrids with N. longicornis cytoplasm (distortions indicated by boxes right of 
each chromosome in fig. 5.5), the central part of chromosome 4 was distorted at 
25°C, which is in agreement with chapter 4. At low temperature, this distortion  
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   Figure 5.5: Segregation distortion in hybrid males with N. vitripennis or N. longicornis cytoplasm 
developing at three different temperatures. 
The five linkage groups denote the five Nasonia chromosomes, with map-distance (in Haldane cM) on 
the left and marker number on the right. The distorted regions identified in hybrids with N. vitripennis 
cytoplasm are located on the left of each chromosome (next to the cM distance) and the distorted 
regions identified in hybrids with N. longicornis cytoplasm are located right of each chromosome (next to 
the marker names). The three different shades of bars show the recovery bias at the three 
developmental temperatures (light grey for 15°C, dark grey for 25°C and black for 31°C) and 
encompass those markers that significantly departed from 1:1 based on χ2 test with α=0.05 and 
sequential Bonferroni correction. The dark arrows indicate OXPHOS genes that differ between the 
species (Gibson et al., 2010) and the grey arrows indicate the location of γDNA polymerase. All 
distorted regions are distorted towards the maternal allele that matches the cytotype (except *). 
* The two markers that are distorted at this chromosomal location are distorted towards N. vitripennis 
alleles rather than N. longicornis alleles. 
** The distortion does not include marker Nv125, but includes unmapped Nv324, which is in close 
proximity to Nv125 (see chapter 4). 
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expanded towards the top of 
chromosome 4 and a large part of 
chromosome 5. For hybrids 
developing under high temperature, 
chromosome 2 was distorted for 2 
distal markers, chromosome 3 for a 
single marker, a large part of 
chromosome 4 and the complete 
5th chromosome. In all cases (ex-
cept chromosome 2), the distortion 
was towards the N. longicornis cyto-
type, (fig. 5.5). The regions dis-
torted under high developmental temperature encompass the distorted regions of 
15°C and 25°C, but cover larger genomic regions. 
As described above, extreme developmental temperatures expanded the distorted 
regions and additional regions became distorted comparing the regions from the 
control to the extreme temperatures. For the loci that were distorted under all three 
developmental temperatures, it was determined whether the strength of the distortion 
changed with temperature using χ2 association tests. In hybrids with N. vitripennis 
cytoplasm only marker Nv322 was distorted at all three developmental temperatures. 
The percentage of N. vitripennis (V) alleles varied from 66.2% to 76.7% (table 5.5) and 
did not differ between the three temperatures (χ22=4.23, p=0.121). Hybrids with 
N. longicornis cytoplasm had three loci that were distorted at all developmental 
temperatures (Nv323, Nv114 and Nv309). The overall percentage of N. vitripennis 
alleles for these markers varied from 19.8% to 32.6% (table 5.5), and extreme 
temperatures increased the distortion towards the allele that matches the cytotype (in 
this case N. longicornis). 
Discussion 
We tested the effect of high and low temperature on development, mortality and 
sterility of pure and hybrid males of N. vitripennis and N. longicornis. We found that the 
applied temperatures did not affect pure species, but that development, mortality and 
sterility of hybrids were greatly affected under extreme developmental temperatures. 
Furthermore, the genomic regions associated with hybrid mortality (TRDLs) increased 
  %V
Cross marker 15°C 25°C 31°C p
LV[V] Nv322 76.7 66.2 67.6 0.121
VL[L] Nv323 18.2 32.7 22.9 0.014
VL[L] Nv114 19.4 32.9 19.6 0.007
VL[L] Nv309 23.7 32.2 16.9 0.008
VL[L] overall 20.4 32.6 19.8 0.015
Table 5.5: Distortion of recovered alleles, given in 
percentage N. vitripennis alleles (V). 
Only those markers that were significantly distorted at 
all three temperatures are given. The p-values indicate 
whether there is a significant effect of temperature on 
the recovery bias of parental alleles (L:V) (χ2 tests, 
df=2). Significant p-values are indicated in bold. 
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in size and number under extreme developmental temperatures. 
 
Incompatibilities in Nasonia hybrids 
F2 hybrid males of N. vitripennis and N. longicornis cultured under standard 
conditions show developmental perturbations, mortality, abnormalities of courtship 
behaviour and spermatogenic failure. When developing under extreme temperatures, 
the effects of these incompatibilities increase to complete reproductive isolation. 
None of the few surviving hybrids succeeded to emerge from the host at extreme 
temperatures. Although manual opening of hosts allowed hybrid males to interact 
with females, behavioural abnormalities and spermatogenic failure prevented the 
formation of F3 hybrid offspring. Importantly, all Nasonia species are reproductively 
isolated by various independent Wolbachia infections that prevent the formation of F1 
female hybrids. As prezygotic isolation by Wolbachia has been shown to precede hybrid 
incompatibilities in the process of speciation in Nasonia (Bordenstein et al., 2001), the 
incompatibilities identified in this study are likely the result of independent divergence 
of the genes underlying the incompatibilities. Whereas the evolution of hybrid 
incompatibilities is usually considered to be maladaptive (Presgraves, 2010), we can 
assume that the accumulation of hybrid incompatibilities within the Nasonia genus is 
the result of neutral or adaptive evolution within species, as there is no selection 
against the evolution of hybrid incompatibilities in natural Nasonia populations. This 
casts a new light on the evolution of hybrid incompatibilities as it shows that neutral 
or adaptive divergence within species can lead to the disruption of gene-interactions 
between species. This will drive the process of speciation even when prezygotic 
reproductive barriers are present between the species. Thus, the genomic 
incompatibilities identified here are the result rather than the cause of speciation. It 
shows that Dobzhansky-Muller interactions are not always involved in a genic-view of 
speciation, although we do not question their involvement in genic speciation of other 
genera (where postzygotic isolation occurs on specific genes which drive the isolation 
of complete genomes). 
 
Genomic regions associated with hybrid mortality (TRDLs) 
The genomic regions that deviate from equal transmission from the F1 mother to 
the adult F2 male offspring are indicative of selection on specific genotypes in these 
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regions in F2 males, as embryonic samples do not show such deviations (chapter 4). 
This selection pressure results in genotype-specific mortality and screening the 
genotypes of the adult offspring with molecular markers can identify the genomic 
regions associated with inducing hybrid mortality. 
Under standard culturing temperature (25°C), F2 haploid hybrid Nasonia males 
show transmission ratios of maternal alleles that deviate from the expected ratio of 1:1 
for several nuclear genomic regions (TRDLs) (Niehuis et al., 2008; chapter 4). This is 
suggestive of a role of the cytoplasm in inducing mortality, as these genomic regions 
differ between reciprocal crosses and are always biased towards the maternally 
transmitted allele that matches the cytotype. Molecular mapping in the current study 
revealed that under temperature stress, the distorted genomic regions become larger, 
the number of distorted regions increases and the regions become more strongly 
distorted. This strong environmental effect on the identification of TRDLs explains 
the slight discrepancy between the results from 25°C of this study and chapter 4, 
which were both performed under identical laboratory conditions but are nonetheless 
subject to minor fluctuations such as host quality. This underlines the caution that 
should be taken when interpreting the results of a single laboratory study and 
extrapolating the results to other genera and even natural conditions.  
The current study shows that the expression of hybrid incompatibilities depends 
strongly on environmental conditions like temperature. Possible explanations on how 
this is effectuated range from changes in gene-expression under stress to weak 
homeostasis of hybrid offspring and the susceptibility of the biological processes 
associated with the disrupted gene-interaction to thermal fluctuations. Many 
organisms, including bacteria, plants, nematodes, hexapods and vertebrates, have been 
shown to respond to stress by altering gene-expression levels (i.e. Liu et al., 2001; Lo et 
al., 2006; Stintzi 2003; Zou et al., 2009; Nota et al., 2010; Shin et al., 2011). Genes are 
either up- or down-regulated to cope with stressful conditions such as elevated 
temperature. Temperature is expected to be a major stressor in ectotherms, as the 
internal temperature of these organisms fluctuates with the environment. In a 
transcriptome analysis of springtails subjected to heat stress, Nota et al. (2010) not 
only found the expected response of heat shock proteins, but also increased 
expression of genes associated with oxidative stress. They ascribed this to increased 
OXPHOS activity, as also reported for Drosophila (Sørensen et al., 2005) and a 
Caribbean coral (Desalvo et al., 2008). Thus gene-expression profiles appear to be 
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sensitive to fluctuations in temperature and genes involved in stress responses are 
expected to be rapidly evolving to adapt to fluctuating natural conditions (Zou et al., 
2009). This makes temperature responsive genes more prone to be involved in hybrid 
incompatibilities, which explains why more distorted genomic regions (additional to 
the gene-interactions disrupted under optimal conditions) are identified when 
screening for incompatibilities under extreme developmental temperatures. 
A second explanation for the effect of temperature on the genomic regions 
involved in Nasonia hybrid mortality are strong genotype-by-environment (G×E) 
interactions and overall weak homeostasis of hybrids. As all parameters (development, 
mortality and sterility) of hybrid incompatibility measured in this study are intensified 
by extreme developmental temperatures, this underlines strong G×E interactions. As 
mortality increased at the low and high temperatures, distortions that were not 
significant under standard temperature were driven to significance under extreme 
temperatures. This increased the size, number and strength of distortion for several 
genomic regions. G×E interactions have been reported to affect negative epistatic 
gene-interactions, with a major impact of temperature (reviewed by Bordenstein & 
Drapeau, 2001). Although the effect of the environment on the severity of hybrid 
incompatibilities is thus widely supported, genomic screens to identify the genetic 
mechanism underlying these perturbations, like to current study, have been lacking to 
date. 
A third explanation for the effect of developmental temperature on the 
identification of genomic regions involved in hybrid mortality is that the biological 
processes responsible for hybrid mortality in Nasonia are susceptible to thermal 
fluctuations. The asymmetry of the incompatibilities of reciprocal hybrids, the 
different genomic regions involved in mortality of reciprocal hybrids and the bias of 
the distorted genomic regions towards the cytotype (Breeuwer & Werren, 1995; 
Niehuis et al., 2008; chapter 4) suggest a strong impact of the cytoplasm on the 
induction of incompatibilities in Nasonia hybrids. A promising candidate biological 
process involved in these cytonuclear incompatibilities is oxidative phosphorylation 
(OXPHOS). During OXPHOS, nuclear and mitochondial encoded proteins interact 
to form clusters that ensure the production of ATP (reviewed by Gershoni et al., 
2009). Ellison et al. (2008) found that Nasonia hybrids have low oxidative potential, 
indicating a role of OXPHOS in inducing Nasonia hybrid mortality. Most distorted 
genomic regions identified here encompass at least one OXPHOS gene that codes for 
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a protein that differs between N. vitripennis and N. longicornis (black arrows in fig. 5.5, 
after Gibson et al., 2010). The OXPHOS process is likely susceptible to temperature 
fluctuations as mitochondria adapt to the thermal environment (Ballard & Whitlock, 
2004). Inter-population hybrids of marine copepods were found to be affected in their 
oxidative potential compared to pure population individuals and the interaction 
between temperature and cytoplasm in inducing incompatibilities was demonstrated 
both in vitro (Rawson & Burton, 2002) and in vivo (Willett & Burton, 2003). Similarly, 
inter-population hybrids of Tribolium beetles were affected by the interaction of 
temperature and cytoplasm in their clutch sizes (Demuth & Wade, 2007) and 
metabolic rates (Arnqvist et al., 2010). We have taken a first step in unraveling the 
genetic basis of the effect of temperature on cytonuclear interactions and opened the 
way for additional research on this topic.  
Although there is compelling evidence for the role of OXPHOS in Nasonia 
hybrid incompatibilities, other processes like mitochondrial replication, transcription 
and translation (Woodson & Chory, 2008) could also lead to cytonuclear 
incompatibilities. For instance the location of the γDNA polymerase genes involved in 
mitochondrial replication (indicated in fig. 5.5 by grey arrows) overlap with OXPHOS 
genes, which obstructs the disentanglement of their independent effect. More 
complicated incompatibilities are also a possible explanation for the effect of the 
cytoplasm in hybridization, such as higher-order interactions between several nuclear 
genes and the cytoplasm (cyto-nucleo-nucleo interactions) or alterations in epigenetic 
modifications. Although we found no disrupted cyto-nucleo-nucleo interactions under 
standard conditions in chapter 4, the temperature stress in this experiment could 
induce such higher-order incompatibilities. Research on epigenetic modifications in 
Nasonia is still limited, but its role has been suggested in Nasonia sex determination 
(Verhulst et al., 2010) and DNA methylation of several genes has been identified in 
Nasonia (Park et al., 2011). 
Currently, the various explanations for how temperature stress increases hybrid 
mortality levels and how this affects the genomic regions involved cannot be 
distinguished. Additional research into the genetic basis of hybrid incompatibilities, 
including gene identification and gene-expression profiling is required to resolve this 
issue. 
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Effects of temperature stress on courtship behaviour and spermatogenic 
failure 
Courtship behaviour of pure species was largely unaffected by developmental 
temperature. Both types of hybrids that developed at 25°C showed great disruptions 
in their courtship behaviour, leading to low copulation frequencies. Temperature 
stress induced nearly complete behavioural sterility of hybrid males. Spermatogenic 
failure of the few copulating hybrid males completed the postzygotic reproductive 
isolation between N. vitripennis and N. longicornis when hybrids developed under 
extreme temperatures. We thus conclude that developmental temperature affects 
hybrid sterility. Similar to the effects of temperature on the induction of hybrid 
mortality, the effect of temperature on various sterility parameters can be attributed to 
different genetic mechanisms. 
First, temperature stress might have an effect on the differential expression of 
courtship genes and the interaction of these differentially expressed genes could be 
disrupted in hybrids. The expression of courtship genes in Drosophila has been found 
to be subject to differential expression with male age (Ruedi & Hughes, 2009) and 
temperature affects the courtship behaviour of wolf spiders (Davis, 1989). However, 
still little is known about the effect of temperature on the expression profiles of 
courtship genes and how susceptible such temperature-specific gene-networks are to 
perturbations. Studies on the differential expression of genes involved in 
spermatogenesis are equally limited, although sperm cell degeneration and differential 
gene-expression after heat shock therapy of mouse testes suggests temperature 
sensitivity of spermatogenic failure (Rockett et al., 2001). Thus the differential 
expression of courtship and spermatogenesis genes might be affected by temperature 
stress, which could induce hybrid sterility under extreme temperatures that is not 
expressed under standard temperatures. 
Second, the observed effects of temperature stress on disturbance of hybrid 
courtship behaviour could also be linked to weak homeostasis and low metabolism of 
hybrid wasps which is intensified by temperature stress. Metabolism of hybrids has 
been found to be affected by the interaction between temperature and cytoplasm 
(Arnqvist et al., 2010), but no studies to date have linked this decrease in metabolism 
to a lowered ability to reproduce. It is likely that hybrid individuals with limited energy 
supply are not able to perform correct courtship behaviour and thus cannot proceed 
to copulation. Whether the effect of temperature stress on courtship behaviour and 
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spermatogenic failure found in the current study is caused by disrupted gene-
interactions between differentially expressed nuclear courtship genes or by general 
weak homeostasis of the hybrids remains unresolved. Further studies should focus on 
the role of temperature specific gene-networks of courtship genes during the process 
of speciation. 
 
Asymmetrical incompatibilities between the reciprocal hybrid Nasonia crosses 
(Niehuis et al., 2008; chapter 4 and the current study) and previous research on Nasonia 
OXPHOS protein complexes (Ellison et al., 2008) suggest that disruptions of 
cytonuclear interactions are the main cause of hybrid incompatibilities in Nasonia. This 
is in contrast with most diploid species in which nuclear-nuclear interactions appear to 
dominate among genes leading to hybrid incompatibilities (reviewed by Presgraves, 
2010). Cytonuclear incompatibilities may be a specific feature of male hybrids of 
haplodiploid species, as they appear rarely in F1 diploid hybrids (but see Willett, 2011). 
This could be due to higher detection ability in haploids, assuming that such 
incompatibilities are largely recessive (supported by the lack of such incompatibilities 
in F1 diploid hybrid females of haplodiploids). More studies in a larger range of 
organisms are needed to resolve this issue. 
To summarize, hybrid incompatibilities like developmental perturbations, 
mortality levels and sterility levels were found to be highly amplified by temperature 
stress. Although it remains unresolved whether changes in gene-expression, G×E-
interactions or the effect of temperature on cytonuclear incompatibilities are the cause 
of the results found in the current study, it is evident that homeostasis in hybrid 
individuals is disrupted and that small perturbations lead to more incompatibilities 
between genes. G×E-interactions in disrupting epistasis in hybrids have not received 
much attention apart from the marine copepod T. californicus (reviewed by Willett, 
2011). Here we provide the first genome-wide screen of the effect of temperature on 
the regions associated with inducing hybrid mortality. These genomic regions 
increased in size and number with temperature stress, which is in line with the 
increased mortality and sterility levels found under temperature stress. Although 
elucidation of the underlying genetics awaits further study, our results have large 
implications for the identification of speciation genes. The effects of speciation genes 
are likely intensified under fluctuating natural conditions and thus more, and perhaps 
different, genes are expected to function as reproductive isolation barriers in nature 
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than identified under controlled laboratory conditions. 
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Addendum chapter 5 
A5.1: High-throughput DNA extraction protocol 
Adjusted after Hoarau et al. (2007) and Whitlock et al. (2008). 
 
Males were ground with a sterile grinder in 96-wells titer plates. 100 μL digestion 
buffer (0.5% SDS, 100mM NaCl, 10 mM Tris:HCl pH 8.0, 25 mM EDTA and freshly 
added 0.2 μg/μL proteinase-K) was added to each sample and incubated over-night at 
56°C (plate sealed with ThermalSeal). 40 μL 6 M NaCl and 140 μL CHCl3 was added 
and mixed briefly. The titer plates were again sealed with a ThermalSeal and 
centrifuged in a Qiagen Sigma 4-15C centrifuge for 20 minutes at 3000 rpm. 60 μL of 
the water phase was transferred to a 96-wells fiber plate (Millipore: MultiscreenHTS-FB 
plate), which was pre-wetted with 60 μL binding buffer (6 M NaI and 0.1M Na2SO3, 
clarified through standard filter paper, then through 0.45 μm filter). The plate was 
incubated at room temperature for 5 minutes, then centrifuged for 15 minutes at 1000 
rpm, followed by 10 minutes at 2000 rpm. The flow-through was discarded, the DNA 
(attached to the filter plate) was washed with 60 μL ice-cold wash buffer [4.2 mL of a 
stock solution (20 mM Tris-HCl (pH 8), 1 mM EDTA, 0.1 M NaCl) diluted with 10.8 
mL absolute ethanol per plate] and centrifuged for 10 minutes at 3000 rpm. The flow-
through was discarded and the plate dried at room temperature for 30 minutes. 
Finally, the samples were eluted with 100 μL 56°C elution buffer (1 mM Tris-HCl (pH 
8) and 0.1 mM EDTA), incubated for 5 minutes at room temperature and the plate 
was centrifuged for 5 minutes at 1000 rpm and 5 minutes at 2000 rpm, collecting the 
DNA in clean 96-wells titer plates. In case of failing DNA extraction (2 out of 10 
plates using an earlier stage of the protocol, the protocol as described here, should 
minimize these failures), the remaining aqueous phase after the CHCl3 step was 
removed. On this, the regular high salt-chloroform protocol was followed (Maniatis et 
al., 1982). DNA extracted using the fiber plates was used for PCR amplification 
undiluted, while DNA extracted using the high salt-chloroform protocol was diluted 
10x. 
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A5.2: Quantitative trait locus (QTL)-mapping of development time. 
Methods 
To find correlations between the development time (time between parasitisation 
and eclosion) and particular genomic locations, the package qtl was used in R. The 
dataset was analysed separated by temperature since this greatly affects the phenotype, 
regardless of the genotype. The reciprocal crosses were analysed both separately and 
pooled. Haley-Knott regression was used to calculate QTL genotype probabilities, and 
1 cM steps to calculate the LOD scores. A permutation test (1000 permutations) was 
performed to determine the genome-wide LOD significance threshold, which was 
then used to determine the significance of the identified QTL. 
Results 
The LOD scores across the different datasets are plotted in fig. A5.2.1. The black 
line denotes the genome-wide LOD significance threshold. Please note the differences 
in Y-axis scaling. 
The wasps developing at 15°C show a major QTL on chromosome 2 that spans 
the entire chromosome. This region is important in affecting development time in 
both types of hybrids. 
Wasps developing at 25°C are affected by different genomic regions dependent 
on their cytotype. When pooling both types of hybrids, this results in that almost the 
entire nuclear genome seems to be involved in affecting development time. Where 
chromosome 5 has no effect in hybrids with N. vitripennis cytoplasm, it seems to be 
crucial in hybrids with N. longicornis cytoplasm. 
Developing at 31°C seems to also depend on different genomic regions 
dependent on the cytotype of the hybrids. When pooling the two datasets, however, 
the genome wide significance is lowered so that only chromosomes 1 and 3 have 
significant effects on the development time. Again, the differential importance of 
chromosome 5 is evident. 
Conclusion 
Since many different factors can affect the development time of individuals, it 
was expected that many genomic regions are involved in determining this phenotype. 
The results follow our expectations. The results also show that the temperature at 
which the wasps are reared affects the genomic regions that contribute to the 
development time. This was also as expected, since differences in environmental 
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Figure A5.2.1: locations of development time QTL in N. vitripennis and N. longicornis F2 male hybrids 
developing under three temperatures. The black line indicates the 5% genome-wide significance 
threshold from permutation tests. 
conditions change gene-expressions and thus different genes can be up or down 
regulated under temperature stress. Contrary to our expectations, however, also the 
cytotype of the hybrids seemed to change the regions that are of significant 
importance in affecting the development time of hybrid wasps of N. vitripennis and 
N. longicornis. Mitochondrial DNA content has been shown to affect the speed of 
embryonic development (Hua et al., 2011) and perhaps the assymmetrical 
incompatibilities in Nasonia hybrids can cause the differential effect of QTLs in 
hybrids with different cytotypes. In any case, the chromosome with the clearest 
pattern across cytotypes (chromosome 5) is also the most important chromosome in 
inducing hybrid mortality. 




PLOIDY RATHER THAN SEX IS THE 
MAJOR DETERMINER OF HYBRID 
INCOMPATIBILITIES IN HAPLODIPLOID 
NASONIA WASPS 
Tosca Koevoets, Hernán Morales Villegas, Steven Ferber, 
Louis van de Zande & Leo W. Beukeboom 
Abstract 
Hybrid incompatibility is important during speciation and studying its genetics 
will improve our understanding of the emergence of new species. Haldane’s rule 
states that early during speciation, hybridization affects the heterogametic sex more 
than the homogametic sex and the question was raised whether this is due to 
phenotype (sex) or genotype (heterogamety). We showed previously that 
haplodiploidy obeys Haldane’s rule, but were not able to resolve the genetic basis of 
the observed pattern. Here, using advanced genetic tools in Nasonia, we separately 
explore effects of heterozygosity and maleness. To this end we generated sex-
reversed diploid Nasonia males and compared incompatibilities across sexes and 
ploidy levels. We found that hybrid incompatibility was significant for haploid males, 
but minimal for both diploid males and females, which indicate the absence of sex-
specific incompatibilities. The genomes of hybrid diploid females and hybrid diploid 
and haploid males were analyzed with microsatellite markers to identify genomic 
regions associated with hybrid mortality. Similar genomic regions were identified in 
both diploid males and females, but fewer as compared to haploid males. Most 
incompatibilities identified under hemizygosity were rescued under diploidy in 
hybrid males and females. Our results indicate dominance effects at some genomic 
regions, but more often dosage effects seem to rescue hybrid mortality. These 
dosage effects revive a neglected theory in explaining Haldane’s rule, which has 
implications for X-linked incompatibilities in diploid systems. 
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Introduction 
Reproductive barriers are often important driving forces of speciation, as negative 
fitness effects of combining two diverging genomes, so-called hybrid incompatibilities 
(sterility and mortality), will ultimately prevent hybridization and cause speciation. A 
well-known pattern during the initial stages of speciation was described by Haldane 
(1922): “When in the F1 offspring of two different animal races one sex is absent, rare 
or sterile, that sex is the heterozygous [heterogametic] sex”. All theories explaining 
Haldane’s rule are based on the assumption that coadapted gene-complexes become 
disrupted in hybrid genomes. These negative epistatic gene-interactions were first 
described independently by Dobzhansky and Muller (hence DM-interactions, see 
chapter 1) and later invoked to explain Haldane’s rule (Orr, 1997). Today, three main 
theories are commonly discerned: the dominance, faster-male and faster-X theories. 
The dominance theory assumes that deleterious mutations are (partially) recessive 
and thus masked by heterozygosity (Turelli & Orr, 1995). Negative autosomal 
interactions are often rescued by dominance effects under diploidy, irrespective of sex. 
However, negative interactions involving sex-chromosomal genes are not rescued in 
the heterogametic sex, resulting in a higher chance to express hybrid incompatibilities. 
Supporting evidence comes from laborious introgression studies that show a major 
effect of dominance in hybridizations that follow Haldane’s rule (True et al., 1996; 
Jiggins et al., 2001; Presgraves, 2003; Tao & Hartl, 2003; Slotman et al., 2005; Bierne et 
al., 2006).  
The faster-male theory states that, due to stronger sexual selection on males, 
male-specific genes evolve faster than female-specific genes. This causes Haldane’s 
rule under male heterogamety, owing to a higher chance of disrupted gene-
interactions of the more diverged male-specific genes (Wu & Davis, 1993). This is 
corroborated by the observation that male-biased genes between species show greater 
divergence compared to female-biased and non-biased genes (Civetta & Singh, 1995; 
Meiklejohn et al., 2003). In addition, spermatogenesis is more easily disrupted by 
mutations than oogenesis, leading to more male than female hybrid sterility (Wu & 
Davis, 1993). Indeed, diverged loci causing male sterility are far more numerous than 
loci causing female sterility, whereas lethal incompatibilities are equally frequent in 
males and females (Hollocher & Wu, 1996; True et al., 1996; Tao et al., 2003; Mishra & 
Singh, 2005). However, as the faster-male theory only applies to male heterogamety, 
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advocates of this theory claim that Haldane’s rule is a composite phenomenon that is 
explained by several mechanisms acting simultaneously to cause Haldane’s rule under 
female heterogamety (Wu & Davis, 1993). 
The faster-X theory predicts a faster evolution of sex-chromosomes than 
autosomes, due to more efficient selection of recessive beneficial mutations under 
haploidy (Charlesworth et al., 1987). This makes sex-chromosomes more likely 
involved in disrupted gene-interactions in hybrid genomes than the more slowly 
evolving autosomes. Both supporting (Ford & Aquadro, 1996; Begun et al., 2007; 
Baines et al., 2008) and contradicting (Betancourt et al., 2002; Thornton et al., 2006; 
Mank et al., 2010) results have been found for the faster-X theory. Note, however, that 
where the dominance and faster-male theories provide a full framework of 
mechanisms that lead to Haldane’s rule, the faster-X theory only explains the 
involvement of the sex-chromosome and relies on dominance effects to explain 
Haldane’s rule. 
Haplodiploid reproductive systems, in which diploid females develop from 
fertilized eggs and haploid males develop from unfertilized eggs, are very useful in 
unraveling the negative epistatic gene-interactions that cause hybrid incompatibilities 
as males express only one allelic variant (Gadau et al., 1999; Niehuis et al., 2008; Ellison 
et al., 2008). The use of haplodiploid systems in studying Haldane’s rule has been 
discussed previously (chapter 2): dominance, faster-male and faster-X effects are all 
expected to lead to hybrid incompatibilities in haploid males and not in diploid 
females. In chapter 4, it was described that F1 diploid hybrid females did not show 
incompatibilities, while F2 haploid hybrid males showed high levels of both sterility 
and genotype-dependent mortality in accordance with Haldane’s rule. An issue that 
remained unresolved, however, was whether this could be attributed to male sex or 
male haploidy. 
Although Nasonia males are usually haploid, mutant strains that consist of triploid 
females and diploid males can be maintained in the lab. Triploid female fecundity is 
reduced because of frequent aneuploidy of the offspring, but diploid males are fully 
fertile, produce diploid sperm and father triploid female offspring (Beukeboom & 
Kamping, 2006). Furthermore, Verhulst et al. (2010) investigated the genetics of 
Nasonia sex determination and found that preventing maternal input of transformer 
mRNA into fertilized eggs led to the production of diploid males. This enables us to 
construct genetically identical diploid males and females by the RNA interference 
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(RNAi) technique and to uniquely study the genetic mechanisms underlying Haldane’s 
rule. 
Here we address the question whether F2 haploid Nasonia hybrid males of 
N. vitripennis and N. longicornis show incompatibilities due to their genotype (ploidy) or 
phenotype (sex). We generate F2 diploid hybrid males and compare their sterility and 
mortality levels to F2 diploid hybrid females and F2 haploid hybrid males. 
Furthermore, we analyze hybrid nuclear genomes using 32 microsatellite markers to 
reveal genomic regions associated with hybrid mortality. The results are evaluated in 
light of the mechanisms leading to hybrid incompatibilities and patterns like Haldane’s 
rule in haplodiploid and diploid systems. 
Materials and methods 
We used Wolbachia-free Nasonia vitripennis (AsymC) and N. longicornis (IV7R2) 
strains, reared on Calliphora sp. fly pupae, at 25°C under constant light. 
 
Parental RNAi treatment 
F1 females were created by crossing N. vitripennis and N. longicornis males and 
females reciprocally. The hybrid females are referred to as LV[V] and VL[L], with the 
letter between brackets indicating the origin of the maternally inherited cytotype. F1 
female pupae were collected ±8 days after oviposition and a subset was injected with 
double stranded RNA (dsRNA) against transformer based on either N. vitripennis or 
N. longicornis RNA according to the cytotype of the females. See addendum A6.1 for 
details of the parental RNAi treatment (Lynch & Desplan, 2006). The remaining 
pupae were left to continue development without treatment. Treated and control 
virgin females were collected upon eclosion in groups of ±15 and given 3 hosts for 
feeding and to initiate egg-laying. 
 
Production of F2 offspring 
F1 females were backcrossed to virgin pure species males 48h after eclosion 
according to the scheme shown in fig. 6.1. LV[V] females were backcrossed to either 
N. longicornis or N. vitripennis males. Since there is no paternal contribution to haploid 
male offspring, both of these backcrosses will result in haploid males with 50%  
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Figure 6.1: Cross design for testing sex- and genotype effects on hybrid incompatibilities. 
Left and right panes show the pure crosses, the middle panes show the reciprocal hybrid crosses with 
double backcross design. The top panes show the crosses treated with RNAi against transformer to 
produce diploid male offspring, the bottom panes show the control crosses with regular diploid female 
offspring. In all cases, the haploid offspring are male. The expected genetic composition of the offspring 
is indicated as the percentage of nuclear DNA of one species (remaining part is from the other species) 
and cytotype between brackets. The composition of haploids is the recombined maternal composition: a 
random mix (1:1) of alleles on both chromosome sets. The composition of diploids is the recombined 
maternal chromosome set with a pure paternal chromosome set.
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N. vitripennis and 50% N. longicornis nuclear DNA (recombined maternal genome) in 
N. vitripennis cytoplasm (50%V[V]). LV[V] females backcrossed to N. longicornis males 
(L×LV[V]) result in diploid offspring with a genetic composition of 75% N. longicornis 
and 25% N. vitripennis nuclear DNA in N. vitripennis cytoplasm: indicated as 75%L[V]. 
Offspring of F1 LV[V] females backcrossed to N. vitripennis males (V×LV[V]) will 
have 75%V[V] genotypes. Similarly, VL[L] females were backcrossed to produce 
75%V[L] and 75%L[L] diploid offspring and 50%V[L] haploid offspring. Thus hybrid 
offspring fall in 4 diploid (V and L cytotypes with largely matching or mismatching 
(75% V or L) nuclear DNA) and 2 haploid classes (V and L cytotypes with 50% V 
nuclear DNA). Pure species F1 females were only backcrossed to conspecific males, 
resulting in both haploid and diploid 100%V[V] and 100%L[L] offspring. 
Diploid offspring of the RNAi treated F1 mothers develop as males, while diploid 
offspring of control F1 mothers develop as females. Haploid offspring develop as 
normal males in both cases. 
All matings were confirmed by observation and left at 25°C for 24h, after which 
males were removed and F1 mothers received 2 hosts for 3 consecutive days. Hosts 
from day 1 were removed from the analysis, except for treated N. vitripennis due to 
small sample sizes. 
 
Measurement of hybrid incompatibilities 
Hybrid incompatibility levels of F2 haploid males and diploid males and females 
were measured as 1) egg-to-adult survival: the number of oviposited eggs that 
developed into adult wasps, 2) behavioural sterility: display of courtship abnormalities 
that prevented mating, 3) physiological sterility: performed copulation but no sired 
offspring and 4) overall sterility: combining all sterility measures into the fraction of 
wasps that did not reproduce. Hybrid mortality was genetically analyzed by comparing 
the observed genotype frequencies to those expected based on cross-design. Any 
deviation between observed and expected genotypes suggests an association of the 
genomic regions with hybrid mortality (regions of biased allelic recovery). 
Egg-to-adult survival and development 
The two hosts from every F1 mother were removed daily: one was stored in 
Carnoy’s fixative at -20°C and the other replaced at 25°C for wasp development until 
±11 days after oviposition. Fixated hosts were opened to count the number of 
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oviposited eggs. Hosts replaced at 25°C were opened prior to wasp eclosion to count 
the number of developing wasps. As hybridization partially disrupts development in 
Nasonia (see chapters 4 and 5), various developmental stages are encountered among 
hybrid offspring after 11 days of development, while all pure species offspring are 
generally in the same late instar pupal stage. Three developmental categories were 
distinguished to quantify developmental disruptions: underdeveloped wasps (larvae 
and young pupae), diapause larvae and late instar wasp pupae (confirmed to eclose as 
adults to exclude late-instar mortality). Late instar wasp pupae of control crosses were 
classified into female (diploid) and male (haploid) offspring, while the ploidy of all-
male treated clutches was later determined using microsatellite (hybrids) or flow 
cytometry (pure species, following the protocol described by de Boer et al. (2007)) 
analysis. All data were corrected for successful mating and RNAi treatment resulting 
in the removal of all-haploid clutches and treated clutches containing female offspring 
(see addendum A6.2). Clutches containing only diapause larvae were discarded, as 
successful mating and RNAi treatment could not be validated, however, diapause 
larvae in clutches with developing adults were included in the analysis. Diapause larvae 
were confirmed to continue and complete development after replacement at 25°C 
following a cold-period of several weeks. 
Survival was determined by comparing the average number of oviposited eggs to 
the average number of viable offspring (adults and diapause larvae, see results 
section). The variance of survival was calculated according to Breeuwer & Werren 
(1995) and used in an ANOVA to compare the survival of treated and control 
clutches (see chapter 4 and 5). 
Sterility measures 
F2 offspring was analysed for behavioural and physiological sterility. Their 
courtship behaviour was scored in isolation with a pure species mate, followed by 
scoring their offspring production. Both courtship and physiological sterility measured 
were later combined into a single value for overall sterility. 
F2 male sterility 
Males were isolated upon eclosion and provided with a virgin female for 10 
minutes at 25°C. Only pure N. longicornis males were tested with N. longicornis females, 
all other males were tested with N. vitripennis females (see chapter 4). Male courtship 
behaviour was scored for seven successive categories: ‘no interest’, ‘interest’, 
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‘mounting’ (positioning on top of the female), ‘courtship’ (ritualized courtship 
display), ‘short copulation’ (<5 sec), ‘only copulation’ (12-14 sec), ‘normal copulation’ 
(including post-copulatory display) (table 4.1). After the observations, males were 
stored at -20°C, unmated females were removed and mated females were isolated for 
24h and then provided with three hosts for 48h to check their emerging offspring for 
the presence of (F3) daughters. The absence of female offspring is an indirect measure 
of male infertility that is interpreted as ‘male spermatogenic failure’, although other 
mechanisms could also explain the lack of female offspring (see chapter 4 for a more 
detailed discussion). 
Male courtship behaviour was first analysed by comparing the transition 
probabilities for every behavioural category (see chapter 4 and 5). Haploid and diploid 
pure male transition probabilities were compared, as well as all hybrid males together 
(χ2 association tests, corrected for multiple testing). When significant associations were 
found, all crosses were tested pairwise (2×2 χ2-tests). The levels of behavioural sterility 
(behaviours that do not lead to successful copulation), spermatogenic sterility (no 
female offspring after observed mating) and overall sterility (no female offspring out 
of total) were compared between haploid and diploid pure species as well as all hybrid 
males together using χ2 tests on proportions. A Tukey-type multiple comparison test 
was performed to pairwise test genetic compositions of the hybrids (Zar, 1999). 
F2 female sterility 
Females were isolated upon eclosion and provided with a virgin male for 10 
minutes at 25°C. Pure species females were tested with a conspecific male; hybrid 
females were tested with either N. vitripennis or N. longicornis males randomly. Female 
courtship behaviour was scored in five successive categories: ‘no interest’, ‘interest’, 
‘mounted’ (arrests and allows the male to mount), ‘short copulation’ (<5 sec) and 
‘normal copulation’ (12-14 sec) (table 6.1). After the behavioural observations, all 
mated and unmated females were isolated for 24h and provided with three hosts for 
48h to assess their fecundity (ability to produce viable offspring, no absolute 
numbers). Mated females were also tested for their fertilization ability by scoring the 
production of (F3) daughters. 
Female transition probabilities were tested over all hybrid crosses using χ2 
association tests, corrected for multiple testing. When a significant difference was 
found, pairwise comparisons were made between all hybrid crosses (2×2 χ2-tests). The 
levels of behavioural sterility (behaviours that do not lead to successful copulation), 
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fecundity (viable offspring), fertilization ability (female offspring) and overall sterility 
(number of clutches without female offspring out of total) were compared between 
the ploidy levels using χ2 tests on proportions. A Tukey-type multiple comparison test 
was performed to pairwise test genetic compositions of the hybrids (Zar, 1999). 
The overall sterility of males and females was compared to identify global sterility 
differences between males and females using χ2 association tests. 
 
F2 transmission ratio distortion (microsatellite analysis) 
The transmission of maternal V (N. vitripennis) and L (N. longicornis) alleles to the 
offspring was tested for 32 microsatellite markers (sets 1 to 5, chapter 3) to deviate 
from the expected 1:1 ratio using χ2 tests after Yates and sequential Bonferroni 
corrections. The regions deviating significantly from this ratio are referred to as 
distorted regions and are potentially linked to transmission ratio distortion loci (or 
TRDLs) associated with hybrid mortality. 
All types of hybrid males (diploid 75%V[V], 75%L[V], 75%V[L], 75%L[L] and 
haploid 50%V[V] and 50%V[L] pooled per backcross) were genotyped, as well as 
hybrid females with a partial mismatch between the nuclear and cytoplasmic DNA 
(75%L[V] and 75%V[L]). Wasp DNA was extracted using either the filter-plate based 
method (see chapter 5) or the high salt-chloroform protocol (Maniatis et al., 1982). 
Microsatellite markers were amplified using the Qiagen multiplex PCR kit according 
to the manufacturer’s recommendations (PCR profile: 15 minutes at 95°C, followed 
by 30 cycles of 30 seconds at 94°C, 1.5 minutes at TA and 1 minute at 72°C, followed 
by 45 minutes at 72°C). DNA was amplified in 5 μL volumes using Applied 
Biosystems Veriti or Applied Biosystems 9700 thermocyclers. Fragments were diluted 
400 times, separated on the Applied Biosystems 3730 DNA Analyzer and analysed 
Categories of female
courtship behaviour Description 
no interest indifferent to the presence of the male
interest alertness, faces the male
mounted allows the male to position on top and perform courtship display 
short copulation short (<5 sec) or incomplete copulation
normal copulation normal copulation (±12 sec) including post-copulatory behaviour 
Table 6.1: Categories of female courtship behaviour. 
The categories are successive: previous categories have to occur before the next can take place. 
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using GeneMapper v4.0 (Applied Biosystems). 
All fragment chromatograms were analysed based on the chromatograms of 
adjacent markers to reveal genotyping errors or data inconsistencies. Only markers 
Nv121 and Nv307 in the 75%V[V] males yielded low genotyping confidence and thus 
the recovery biases found for these markers (see framed cells in table 6.8) are likely 
erroneous and should not be associated with hybrid mortality. 
 
Regression analyses of microsatellite segregation distortions 
Regression analyses were performed to identify correlations between biased 
genomic regions across cross-types, sexes and ploidy levels. For every genetic 
composition (75%L[L]♂, 75%L[V]♀ etc.), markers were ordered based on the allelic 
recovery (p-value of χ2). These rankings were compared in multiple comparisons to 
identify genomic regions with similar effects in different types of hybrids using 
regression analyses in SigmaPlot 11.0.1. This method can indicate genomic regions 
involved in inducing mortality that are not identified using the χ2 tests on the 1:1 ratio 
of maternal alleles, as Yates and sequential Bonferroni corrections underestimate the 
genomic regions involved in inducing hybrid mortality. 
Results 
F2 survival and development 
F2 survival was indirectly measured by comparing the average number of eggs 
oviposited to the average number of viable offspring that developed, including 
diapause larvae as these resulted from a stress effect of the RNAi treatment rather 
than of hybridization, as indicated by high frequencies of diapausing larvae in clutches 
of treated females. 
Investigation of the different developmental stages after 11 days of development 
(fig. 6.2) showed that the fraction of underdeveloped wasps was small over all crosses 
and treatments. Since F2 haploid hybrid clutches contained high frequencies of 
underdeveloped wasps in previous experiments (chapter 5), we conclude that the 
disruption of development in diploid hybrids (both male and female) was largely 
rescued. Diapause induction by RNAi treatment only partly explained the large 
fraction of diapause larvae in 75%V[L] treated clutches, as control clutches of the  
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   Figure 6.2: Average F2 offspring yield for every cross and treatment. 
The averages are split per developmental category and ploidy of adult offspring. Circles indicate the 
average number of eggs deposited and squares the proportion of diploids in the adults. The latter is 
inferred for a subset of treated offspring and over the complete dataset for control offspring. 
Figure 6.3: F2 egg-to-adult survival 
for every genetic composition and 
treatment. 
Circles and squares represent treated 
and control offspring respectively. 
Different colours indicate the genetic 
composition: white for N. vitripennis, 
light grey for mostly N. vitripennis, 
dark grey for mostly N. longicornis and 
black for N. longicornis. The bars 
show the 95% confidence intervals. 
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same genetic composition 
also contained a large frac-
tion of diapause and un-
derdeveloped larvae. Fur-
thermore, treated 75%L[V] 
clutches had a smaller pro-
portion of diploid off-
spring compared to the 
75%L[V] control clutches, 
although the different 
methods of deter-mining 
this proportion in treated and control clutches impaired proper statistical analysis 
(subset of treated offspring investigated with flow cytometry and micro-satellites 
versus total counts of males and females in control clutches). As no increased 
mortality was found in this cross, the lower proportion of diploid offspring indicates a 
lower fertilization rate of treated F1 mothers of this cross compared to control F1 
mothers. 
Survival was high (over 80%) for all crosses and treatments (fig. 6.3). ANOVA 
comparing the treated and control survival of each cross type showed no significant 
differences (table 6.2, p>α>0.008 after Bonferroni correction). Thus, the survival of 
treated and control wasps was similar and diploid males did not differ in mortality rate 
from diploid females (assuming equal proportions of diploid offspring among 
clutches). Furthermore, although mortality rates cannot be compared across 
experiments (see chapter 5), the mortality rates of all hybrid crosses in this experiment 
were lower than those of haploid hybrid offspring in chapters 4 and 5. 
The results thus showed less disrupted development in diploid males and females 






treated control F-value P-value
100%V[V] 1.13 1.00 F1,40=0.464 0.50 
75%V[V] 0.80 0.95 F1,60=1.112 0.30 
75%L[V] 0.78 1.15 F1,30=6.628 0.02 
75%V[L] 0.80 0.85 F1,53=0.153 0.70 
75%L[L] 0.95 0.78 F1,34=1.483 0.23 
100%L[L] 1.04 0.92 F1,35=0.400 0.53 
Table 6.2: Effect of sex on F2 survival. 
Comparison of egg-to-adult survival of F2 offspring using control 
and treated survival estimates in ANOVA, together with the 
inferred variance of mortality.





F2 male courtship behaviour was tested in isolation with a virgin female for 10 
minutes, after which male ploidy was determined and the data split accordingly (table 
6.3 and fig. 6.4). Because the proportion of haploid males is generally low in clutches 
of single mothers, sample sizes of haploid males were small (table 6.3). The general 
pattern, however, follows previous results for courtship behaviour in these species 
(chapter 4 and 5): both types of haploid hybrids rarely progress to advanced courtship 
categories and ultimately show low copulation frequencies. Haploid pure males 
perform more successful behaviour: N. vitripennis males progress readily to normal 
copulations and N. longicornis males show somewhat lower copulation frequencies 
(commonly reported for this species). 
Diploid hybrid male behaviour clusters according to their nuclear genome (fig. 
6.5): males with 75% N. vitripennis DNA show similar behaviour, as do males with 
75% N. longicornis DNA. Furthermore, a higher percentage of N. vitripennis DNA leads 
to more successful courtship behaviour. 75%L[V] males show most aberrant 
courtship behaviour, which is reflected by their genetic composition: unfavourable 
nuclear genome (75% N. longicornis) and mismatching cytoplasm (N. vitripennis). 
For the comparison of diploid and haploid male behaviour, haploid data of  
   
Figure 6.4: Haploid male 
courtship behaviour. 
Plotted is the proportion of 
haploid males showing a specific 
behaviour ± SE. The data shown 
here represent only those haploid 
males screened during this ex-
periment (not pooled with 
chapter 5). 
 






behavioural sterility spermatogenic sterility overall sterility 
N % sterile N % sterile N % sterile 











100%V[V] 2 25 16.00a 18 5.56a 25 32.00a 












75%V[V] 2 128 41.41b 68 0.00b 128 46.88b 












75%V[L] 2 71 47.89b 35 20.00b 71 60.56b 
75%L[L] 2 44 84.09a,c 7 0.00b 44 84.09a 












100%L[L] 2 55 70.91a 12 41.67a 55 87.27a 
p-value 0.383 0.007 0.030 
Table 6.3: Levels of male sterility, split in haploid and diploid males per genetic composition. 
Data on haploids are pooled with those of chapter 5 (25°C) due to small sample size. Data from the 
current study are shown between brackets. Given are sample sizes (N), percentage of behavioural 
sterility (not mated out of total tested), percentage spermatogenic sterility (no offspring out of total 
mated) and percentage overall sterility (no offspring out of total tested). P-values (χ2 association 
tests) indicate associations between sterility and genetic composition. When significant (bold p-
values), pairwise χ2 (2x2) tests were performed, indicated by the different letters. Note that similar 
letters between test-groups (e.g. between pure N. vitripennis and the hybrids) do not indicate 
similarities (or differences) as these were not tested simultaneously.
Figure 6.5: Diploid male courtship 
behaviour. 
Plotted is the proportion of diploid males 
showing a specific behaviour ± SE. 
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chapter 5 and the current chapter were pooled (pairwise χ2-tests show no significant 
differences between studies, data not shown). Table 6.4 shows the transition 
probabilities between behavioural categories for different male genetic compositions 
and ploidy levels. Pure species haploid and diploid males performed comparable 
normal behaviour (high transition probabilities). Hybrid haploid and diploid males, 
however, showed aberrant courtship behaviour that differed between genetic 
compositions and ploidy levels. Diploid hybrid males with 75% N. vitripennis nuclear 
DNA had the highest transition probabilities. Haploid males showed generally similar 
behaviour compared to 75% N. longicornis diploid males. This means that being diploid 
does not rescue behavioural sterility per se: the fraction of N. vitripennis nuclear DNA is 
more indicative of the success of courtship behaviour than the ploidy level. However, 
having 50% N. vitripennis alleles in a haploid genome is not better than 25% 
N. vitripennis in a diploid genome, which shows that having a full N. vitripennis  
genetic 
composition ploidy





N (2-1) (3-2) (4-3) (5-4) (6-5) (7-6) 
100%V[V] 1 49 0.94a 0.98a 0.96a 0.86a 1.00a 1.00a 
100%V[V] 2 25 0.96a 1.00a 1.00a 0.88a 0.95a 0.95a 
p-value 0.872 0.739 0.768 0.837 0.772 0.753 
         
50%V[V] 1 234 0.73a,c 0.80a 0.88a 0.47a 0.84a 0.87a 
75%V[V] 2 128 0.92b 0.97b 0.99a 0.66b 0.85a 0.89a 
75%L[V] 2 24 0.58a 0.93a,b,c 1.00a 0.08c 1.00a 1.00a 
50%V[L] 1 185 0.66a 0.67c 0.89a 0.27c 0.75a 1.00a 
75%V[L] 2 71 0.82c 1.00b 0.95a 0.67b 0.95a 0.89a 
75%L[L] 2 44 0.57a 0.92a,b 0.96a 0.32a,c 1.00a 1.00a 
p-value <0.001 <0.001 0.023 <0.001 0.437 0.799 
         
100%L[L] 1 68 0.52a 0.94a 0.97a 0.88a 0.96a 0.96a 
100%L[L] 2 55 0.73a 0.98a 0.95a 0.43b 0.75a 1.00a 
p-value 0.086 0.993 0.998 0.002 0.252 0.915 
Table 6.4: Male transition probabilities between behavioural categories. 
χ2 association tests indicate effects of ploidy and/or genetic composition. When significant, pairwise χ2 
tests (2x2) were performed (indicated by letters). 
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Figure 6.6: Diploid female courtship 
behaviour of females with N. vitripennis 
cytoplasm. Plotted is the proportion of 
females showing a specific behaviour ± SE.  
Figure 6.7: Diploid female courtship 
behaviour of females with N. longicornis 
cytoplasm. Plotted is the proportion of 
females showing a specific behaviour ± SE. 
genetic 
composition 
  interest mounted shortcop. 
normal 
cop. 
♂ N 1-0 2-1 3-2 4-3 
100%V[V] V 55 0.98 1.00 0.96 0.92 
75%V[V] V 37 0.95a 1.00a 0.83a 0.93a 
75%V[V] L 21 0.90a 1.00a 0.42b,c 1.00a 
75%L[V] V 23 1.00a 1.00a 0.74a,b 0.82a 
75%L[V] L 31 0.94a 1.00a 0.90a 0.92a 
75%V[L] V 52 0.96a 1.00a 0.86a 0.95a 
75%V[L] L 39 0.59b 0.96a 0.32c 1.00a 
75%L[L] V 14 1.00a 1.00a 0.57a,b,c 0.88a 
75%L[L] L 14 0.86a,b 1.00a 0.83a,b 0.90a 
p-value  <0.001 0.337 <0.001 0.700 
100%L[L] L 57 0.96 0.98 0.83 0.91 
Table 6.5: Female transition 
probabilities between beha-
vioural categories. 
Only hybrid transition proba-
bilities were tested for asso-
ciation between passing to 
the next behavioural category 
and genetic composition 
using χ2-tests. When signi-
ficant (bold p-values), pair-
wise comparisons were per-
formed (2x2 χ2-tests) to 
locate the individual dif-
ferences (indicated by letters). 
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chromosome set is most important for proper courtship behaviour in hybrids. 
Overall behavioural sterility of all F2 males shows that introgressing a full 
N. vitripennis chromosome set rescued male behaviour, while a full N. longicornis 
chromosome set had no such effect (table 6.3). Thus, the nuclear genome rather than 
the ploidy level has a major impact on the behavioural sterility of Nasonia hybrid 
males. 
Females 
Hybrid female courtship behaviour was measured in isolation with single males of 
both pure species and the data is split according to female cytotype (fig. 6.6 and 6.7). 
Hybrid females with 75% N. longicornis nuclear DNA show the same behaviour 
regardless of the male species they were mated with. Hybrid females with 75% 
N. vitripennis nuclear DNA, however, show more successful behaviour when mated 
with N. vitripennis males than with N. longicornis males. Diploid pure species females 
were tested for their courtship behaviour with males from their own species only and 


















100%V[V] V 55 5.45 54 1.85 50 0.00 55 9.09 
75%V[V] V 37 21.62a 37 8.11a 27 0.00 37 27.03a 
75%V[V] L 21 61.90b,c 21 4.76a 8 0.00 21 61.90b,c 
75%L[V] V 23 26.09a 23 17.39a 14 21.43 23 52.17a,b 
75%L[V] L 31 16.13a 31 9.68a 22 9.09 31 35.48a,b 
75%V[L] V 52 17.31a 50 56.00b 21 0.00 52 59.62b 
75%V[L] L 39 82.05b 35 65.71b 5 0.00 39 87.18c 
75%L[L] V 14 42.86a,c 14 21.43a 6 0.00 14 57.14a,b 
75%L[L] L 14 28.57a.c 14 21.43a 7 0.00 14 50.00a,b 
p-value  <0.001  <0.001  0.017  <0.001 
100%L[L] L 57 21.05 57 15.79 41 4.88 57 31.58 
Table 6.6: Levels of female sterility. 
The table shows sample sizes (N), percentage of behavioural sterility (not mated out of total tested), 
percentage physiological sterility (no viable offspring out of total tested and no fertilization out of total 
mated) and percentage overall sterility (no offspring out of total tested). For the hybrids χ2-tests for 
association between sterility and genetic composition were performed, followed by pairwise χ2 (2x2) 
tests when significant (indicated by the different letters). 
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showed successful mating behaviour for both species. 
Analysis of transition probabilities between female courtship behavioural 
categories showed few significant differences (table 6.5). Only 75%V[L] females were 
less interested in N. longicornis mates than all other hybrid females (transition to 
‘interest’). Furthermore, crosses where the test-male matches the predominant nuclear 
composition of the F2 female (V for 75%V and L for 75%L), were more likely to 
transition to copulation than those where the test-male largely mismatched the nuclear 
composition of the female. 
Overall female behavioural sterility showed the same result as the transition 
probabilities: the match between the nuclear composition of the female and her mate 
are the best predictors of successful courtship behaviour. Only the females that were 
tested against males that mismatched their nuclear genetic composition showed 
elevated behavioural sterility (table 6.6)  
In summary, the behavioural observations showed that hybrid diploid males and 
females function properly as long as their nuclear genetic composition largely matches 
that of their mate. This raises the question whether courtship behaviour is a proper 
parameter when studying the genetic basis of Haldane’s rule. This issue will be 
addressed in the discussion of this chapter. 
 
Physiological sterility 
Male spermatogenic failure 
Both haploid and diploid pure species males exhibited no significant 
spermatogenic failure (table 6.3, haploid data pooled with data from chapter 5 for 
statistical analysis). In contrast, haploid hybrid males showed high levels of 
spermatogenic failure, while diploid hybrid males were greatly rescued from 
spermatogenic failure. The rescue effect was also present when comparing 
spermatogenic failure of diploid hybrid to diploid pure species (p<0.0001, data not 
shown). Diploid hybrids with N. vitripennis cytoplasm never showed spermatogenic 
failure, regardless of their nuclear genetic composition. Diploid hybrids with 
N. longicornis cytoplasm showed no spermatogenic failure when their nuclear 
composition was 75% N. longicornis and in 20% of the cases when their nuclear 
composition was 75% N. vitripennis. χ2 association tests showed that 50%V[V] haploid 
hybrids had less spermatogenic sterility than 50%V[L] haploid hybrids and that all 
Chapter 6 – ploidy determines hybrid incompatibilities 
135 
diploid hybrids had less spermatogenic sterility than haploid hybrids (75%L[V] not 
significantly different due to N=1). None of the diploid hybrid groups differed 
significantly from each other (χ2 6×2 association tests, followed by pairwise 2×2 χ2-
tests, table 6.3). These results show that diploidy rescued spermatogenic failure of 
Nasonia hybrid males and that the nuclear genetic composition was not as important in 
inducing spermatogenic failure as it was in inducing behavioural sterility. 
Female fecundity (viable egg production) 
Hybrid female fecundity (table 6.6) was not affected by the male partner species 
(75%V[V] vs V or L males p=0.956, 75%L[V] vs V or L males p=0.671, 75%V[L] vs 
V or L males p=0.5, 75%L[L] vs V or L males p=0.645). Reduced female fecundity 
mainly occurred when hybrid females with N. longicornis cytoplasm had a mostly 
N. vitripennis nuclear composition (table 6.6). Pure species females showed high 
frequencies of oviposition (98% for N. vitripennis and 84% for N. longicornis). 
Female fertility 
F2 females showed high abilities to fertilize eggs (table 6.6), with the exception of 
75%L[V] hybrid females. The frequencies of these fertilization problems were, 
however, too low to cause any overall effect (χ29=20.2, p=0.017 with α=0.015 after 
Bonferroni correction). Also, there was no difference between 75%L[V] females 
mated with N. longicornis or N. vitripennis males (χ21=0.31, p=0.583). 
 
Overall sterility 
All parameters of sterility were combined into a measure of overall sterility 
(percentage F2 males and females unable to produce F3 offspring). As the levels of 
behavioural sterility in hybrid males were high, behavioural sterility had a major impact 
on the overall sterility (table 6.3). Overall sterility of the reciprocal haploid hybrids was 
nearly complete (92% for hybrids with N. vitripennis cytoplasm and 100% for those 
with N. longicornis cytoplasm), but in contrast, diploid hybrid males had low levels of 
overall sterility. 
Overall female fertility was calculated as the fraction of tested F2 females that 
produced F3 female offspring. This excludes those females (mated and unmated) that 
were able to oviposit only unfertilized eggs, since the ability of females to mate and 
produce female offspring is most indicative of their ability to reproduce. The results 
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show that overall sterility of hybrid 
females was higher than of pure 
species females (table 6.6). When the 
nuclear composition was 75% L the 
test-male had no effect, but when 
the nuclear composition was 75% V 
N. vitripennis partner-males increased 
overall fertility. 75%V[L] females 
tested against N. longicornis males 
showed most sterility. Comparing 
diploid males and females shows 
that there were few differences 
between their overall sterility levels 
(table 6.7). 
 
Synopsis of sterility measures 
Behavioural sterility was greatly affected by the nuclear compositions of the 
hybrid and its mate: both diploid hybrid males and females were most successful when 
their mate matched their predominant nuclear genetic composition. Behavioural 
sterility was thus not rescued by diploidy per se, but mostly by having more of the 
congeneric (courtship) alleles. How this outcome affects studying the genetic basis of 
Haldane’s rule will be addressed in the discussion. 
Physiological sterility (spermatogenic failure in males, oviposition and fertilization 
in females) was low in both diploid hybrid males and females, regardless of their 
nuclear composition. Thus, diploidy of hybrid males greatly rescued spermatogenic 
failure compared to haploid hybrid males. 
In general, F2 male and female diploid hybrids were found comparable in their 
sterility levels and showed less sterility than F2 haploid hybrid males. 
 
Transmission ratio distortion loci (TRDLs) 
To identify genomic regions associated with hybrid incompatibility, the genomes 
of hybrid offspring of various combinations of sexes, ploidy levels and genomic 











100%V[V] 9.09 (V) 32.00 0.025 
75%V[V] 27.03 (V) 46.88 0.050 
75%L[V] 35.48 (L) 95.83 <0.001
75%V[L] 59.62 (V) 60.56 0.936 
75%L[L] 50.00 (L) 84.09 0.025 
100%L[L] 31.58 (L) 87.27 <0.001
Table 6.7: Comparison of female and male overall 
sterility. 
The association between sterility and sex was tested 
using 2x2 χ2 tests. For females only the male-species 
that yielded lowest sterility levels were used. Bold p-
values indicate a significant difference in male and 
female sterility (α=0.05/6=0.008). 
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per marker for deviation from the expected ratio of 1:1 for the transmission of 
maternal V and L alleles using χ2 tests after Yates and sequential Bonferroni 
corrections. Regions with significant (black cells in table 6.8) or nearly significant (grey 
cells) distortions from equal transmission are believed to be under selection in hybrids 
with specific genotypes. These distorted regions are referred to as transmission ratio 
distortion loci (TRDLs), as described by Niehuis et al. (2008). 
Haploid hybrids with N. vitripennis cytoplasm did not show many TRDLs: one 
TRDL on chromosome 1 comparable to previous results (chapter 4 and 5) and a 
slight bias on chromosomes 2 and 5 that was significant in previous studies (chapter 4 
and 5). Diploid hybrid males with 75%L nuclear DNA exhibited no significant 
distortion: no nuclear loci showed a selective advantage of either LL or LV genotypes. 
The same was true for 75%L[V] hybrid females and 75%V[V] males (VV vs LV 
genotypes in the latter). To summarize, haploid hybrid males showed a single TRDL 
on chromosome 1 and several non-significant TRDLs chromosomes 2 and 5, whereas 
diploid hybrids showed no significant TRDLs. As the aim of this study was to test 
whether diploidy rescued hybrid mortality by comparing the number and strength of 
distorted genomic regions in diploids and haploids, the almost complete lack of such 
distortions in haploid hybrids makes this comparison for hybrids with this cytotype 
uninformative. 
Haploid hybrid males with N. longicornis cytoplasm showed significant biases 
towards L alleles on chromosomes 3, 4 and 5, which is comparable to previous results 
(chapter 4 and 5). 75%L[L] diploid males showed no distortions: neither LL nor LV 
genotypes had a selective advantage in survival. Furthermore, L alleles appear 
dominant in their expression, as otherwise LV genotypes would be deleterious in 
75%L[L] hybrids. 75%V[L] diploid males and females showed biased recovery for two 
regions on chromosome 1 and 5 with allelic recovery patterns that were indicative of 
both dominance and dosage effects. The region on chromosome 5 revealed 
dominance effects: in haploids with N. longicornis cytoplasm, L genotypes had a 
selective advantage over V genotypes. In diploids with N. longicornis cytoplasm LL and 
LV genotypes did not differ in their recovery, but LV genotypes had an advantage 
over VV genotypes in both males and females. These results show that a V allele on a 
specific locus on chromosome 5 in combination with N. longicornis cytoplasm 
increased mortality in haploid males. When diploid, LL and LV genotypes were not 
different in their recovery, which indicates (co)dominance of the L allele as the LV 
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genotype was not deleterious while it would have been if the V allele was dominant. 
However, VV genotypes were disadvantageous compared to LV genotypes, showing a 
rescue effect of having a single L allele in an L cytoplasmic background. As this 
disadvantage was present in both diploid hybrid males and females, dominance effects 
rather than faster-male effects explain the incompatibilities at this locus, as faster-male 
effects would not induce incompatibilities in females. 
The distorted regions on chromosomes 3 and 4 in haploids with N. longicornis 
cytoplasm did not match the expectations of either dominance or faster-male effects. 
Haploids showed higher recovery of L genotypes over V genotypes, whereas diploids 
showed neither an advantage of LL over LV (in 75%L) nor of LV over VV (in 
75%V). There are two possible explanations: a dosage effect of incompatible gene-
combinations or increased homeostasis in hybrids with one full chromosome set. 
These explanations will be addressed in the discussion. 
 
Genotype-bias analysis 
We tested for correlations in the bias of markers between genetic compositions 
and sexes to see whether regions with a specific effect in one class of hybrids had a 
similar effect in another class of hybrids. These correlations provide additional 
information to the χ2 analysis described above, as sequential Bonferroni corrections 
can filter out biased regions of potential interest. The regression analyses underline the 
effects found in the previous paragraph (table 6.9). The bias of genotype recovery in 
males and females with N. longicornis cytoplasm indicate that similar genomic regions 
are involved between the two sexes of this cross (comparison 4, table 6.9). A 
comparable genotype recovery was also found when comparing diploid males with 
N. longicornis cytoplasm to haploid males with this cytoplasm (comparison 8, table 6.9). 
There was also significant correlation between the genomic regions with biased 
recovery of haploid males with N. vitripennis cytoplasm and the biased regions in 
haploid hybrids with N. longicornis cytoplasm (comparison 6, table 6.9), but the 
direction of the bias was different in the two hybrid types (towards N. vitripennis in 
N. vitripennis cytoplasm and towards N. longicornis in N. longicornis cytoplasm). The 
ranked markers with significant regression are shown in fig. 6.8). No regions 
additional to the χ2 analysis were identified. 
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Table 6.9: Regression analysis showing correlations between crosses in biased allelic recovery. 
For each comparison it is indicated what a significant correlation (bold p-values) would suggest. 






1) 75%V[V] ♂♂  75%V[L] ♂♂ 
VV genotypes have a 
selective (dis)advantage 
over LV genotypes 
regardless of the cytotype 
<0.001 0.968 
2) 75%L[L] ♂♂  75%V[L] ♂♂ 
LL genotypes have a 
selective (dis)advantage 
over LV genotypes 
regardless of the cytotype 
0.006 0.684 
3) 75%L[V] ♂♂  75%L[V] ♀♀ 
LL genotypes have a 
selective (dis)advantage 
over LV genotypes in V 
cytotype regardless of the 
sex of the offspring 
0.003 0.763 
4) 75%V[L] ♂♂  75%V[L] ♀♀ 
VV genotypes have a 
selective (dis)advantage 
over LV genotypes in V 
cytotype regardless of the 
sex of the offspring 
0.161 0.023 
5) 50%V[V] ♂♂  50%V[L] ♂♂ 
V genotypes have a 
selective advantage over L 
genotypes, regardless of 
the cytotype 
0.175 0.017 
6) 50%V[V] ♂♂  75%L[V] ♂♂ 
V genotypes have the 
same selective (dis) 
advantage (over L) as LV 
genotypes (over LL) in V 
cytotype 
0.114 0.058 
7) 50%V[V] ♂♂  75%V[V] ♂♂ 
V genotypes have the 
same selective (dis) 
advantage (over L) as LV 
genotypes (over VV) in V 
cytotype 
<0.001 0.967 
8) 50%V[L] ♂♂  75%V[L] ♂♂ 
V genotypes have the 
same selective (dis) 
advantage (over L) as LV 
genotypes (over VV) in L 
cytotype 
0.161 0.023 
9) 50%V[L] ♂♂  75%L[L] ♂♂ 
V genotypes have the 
same selective (dis) 
advantage (over L) as LV 
genotypes (over LL) in L 
cytotype 
0.009 0.612 
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Discussion 
We created diploid F2 hybrid 
offspring of the haplodiploid wasps 
Nasonia vitripennis and N. longicornis 
by backcrossing F1 hybrid mothers 
to pure species males. F1 mothers 
treated with dsRNA against trans-
former yielded diploid offspring that 
developed as males, while diploid 
offspring of untreated mothers de-
veloped as females. The F2 diploid 
hybrids received one pure species 
paternal chromosome set and one 
recombined maternal hybrid chro-
mosome set and thus their genomes 
were 75% N. vitripennis or 75% 
N. longicornis, depending on the pa-
ternal species used. The cytotype, 
dependent on the grandmaternal 
species, either matched or mis-
matched the majority of the nuclear 
genome. Regular haploid male 
offspring consisted of 50% nuclear 
DNA of both parental species 
(inherited maternally) and a mater-
nally inherited cytotype. Hybrid in-
compatibilities measured in haploid 
and diploid offspring were com-
pared to assess whether the ob-
served haploid hybrid male incom-
patibilities are due to haploidy or 
maleness. These comparisons en-
abled us to discriminate between 
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as faster-male effects would induce incompatibilities in both haploid and diploid males 
and dominance effects would induce incompatibilities in diploid males and females 
homozygous for incompatibility alleles, as manifested in haploid males. 
As singly bred mothers produce low sex ratios predicted by local mate 
competition (e.g. Grillenberger et al., 2008), the frequency of haploid males in the total 
dataset presented here was small. Therefore, the survival estimates calculated over 
clutches is largely affected by the survival of the high frequency of diploid offspring 
and thus our survival estimates approximate diploid offspring survival. We compared 
the offspring survival of control and RNAi treated females and found that none of the 
survival estimates differed between treatments, indicating equal survival of diploid 
males and females. This is underlined by the genetic analyses. Hybrids with 
N. vitripennis cytotype have no genomic regions biased towards either species, 
regardless of their nuclear composition, sex or ploidy. Thus no genomic regions with 
selective advantage of specific genotypes (in N. vitripennis cytoplasm) were identified, 
indicating that no appreciable (genotype-specific) mortality occurs in these hybrids. 
This lack of incompatibilities between diploid males and females leaves the question 
whether ploidy or sex determines incompatibilities in hybrids with N. vitripennis 
cytoplasm unanswered. 
In hybrids with N. longicornis cytoplasm, the comparisons were more informative: 
haploid males showed several genomic regions where N. longicornis genotypes were 
selected over N. vitripennis genotypes. In line with dominance effects, N. vitripennis 
homozygosity at one specific locus was disadvantageous over heterozygosity in both 
diploid males and diploid females. In contrast, two other genomic regions that 
expressed incompatibilities in haploid males showed no selective advantage of either 
homo- or heterozygosity in diploid males and females. Thus, where haploid males 
with incompatible gene-combinations showed increased mortality rates, diploid males 
and females homozygous for the incompatible gene-combinations did not. These 
results were not expected based on either dominance or faster-male effects. 
Dominance predicts a difference in survival of homozygotes versus heterozygotes, 
where faster-male effects predict a lower survival of diploid males than females. 
Furthermore, another genomic region proved more malignant in diploid homozygotes 
than in haploid hemizygotes. These results are suggestive of a dosage effect of 
incompatibility loci in explaining Haldane’s rule. We conclude that containing 
incompatible gene-combinations in a higher dose can both positively and negatively 
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affect the manifestation of hybrid incompatibilities. In relation to the suggested role of 
oxidative phosphorylation in Nasonia hybrids (Niehuis et al., 2008; Ellison et al., 2008), 
it is possible that incompatible gene-combinations lead to a lowered ATP production. 
Having a double amount of dysfunctional proteins might induce the production of 
sufficient ATP compared to having a single amount, explaining the less severe effect 
in diploid homozygotes. 
The hybrid sterility estimates showed that the nuclear compositions of hybrids 
and their mates are important in the success of courtship behaviour. Also, a large 
proportion of N. vitripennis DNA is more important in rescuing behaviour than ploidy 
level, as having large proportions of N. longicornis DNA showed no rescue effect. 
Ploidy had different effects on the various courtship categories. In general ploidy had 
a positive effect on the course of courtship (statistically manifested in the first 
behavioural category), but the percentage N. vitripennis alleles was more indicative of 
the success of courtship as a whole. This suggests that being diploid positively affects 
the general fitness of males, but that the type of courtship that is displayed is greatly 
affected by compatible alleles and not ploidy per se. The question remains, however, 
what the level of behavioural sterility would be had the hybrids been tested with 
N. longicornis females. Judging by the level of pure N. longicornis sterility, testing the 
hybrid males with N. longicornis females would likely not have affected this sterility to a 
large extent. 
We indirectly measured spermatogenic sterility of males by assessing their 
offspring production after mating. Haploid hybrid males showed high levels of 
spermatogenic failure due to the inability to produce sperm, to transfer sperm and/or 
the production of sperm that cannot be stored/used by the female. Diploid hybrid 
males were rescued from spermatogenic failure, regardless of their nuclear 
composition. Hybrid females showed no abnormalities in offspring production; the 
lowered viable egg production of 75%V[L] females mated to N. vitripennis males is 
most likely due F3 mortality rather than F2 sterility. The parameters involved in 
physiological sterility differ between males and females and thus likely concern 
different biological processes and underlying genes. Nevertheless, it is obvious that 
hybrid diploid males and females are largely fertile, compared to the high frequencies 
of spermatogenic failure in haploid hybrid males. This is suggestive of dominance 
effects, as faster-male effects predict comparable sterility of haploid and diploid males. 
Note, however, that molecular analysis of the genetic basis of hybrid sterility might 
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reveal alternative mechanisms like dosage. This follows from the fact that our survival 
estimates also suggested dominance effects on mortality, whereas molecular analysis 
pointed towards dosage. Once the genomic regions responsible for hybrid 
spermatogenic failure are identified, their effect in homozygotes and heterozygotes 
can be compared to further disentangle the genetic basis of Haldane’s rule for hybrid 
sterility in Nasonia. 
The overall sterility of individuals is determined by different factors and many 
biological pathways may be involved. As these pathways differ between the types of 
sterility and between males and females, comparing sterility between males and 
females is challenging. However, when comparing the overall sterility of males and 
females one can get information about their ability to reproduce, which is important in 
the light of reproductive isolation between species. Hybrid male overall sterility has 
the tendency to be higher than hybrid female overall sterility. Nevertheless, pairwise 
comparisons show that only pure N. longicornis and 75%L[V] hybrids differ 
significantly in diploid male and female overall sterility. This shows that diploid hybrid 
males might be slightly more susceptible to sterility than diploid hybrid females. 
Notwithstanding, haploid male sterility can be predominantly ascribed to dominance 
effects rather than faster-male effects, as under faster-male effects diploid males would 
have shown higher levels of sterility and diploid hybrid females would have shown 
none. 
 
Haldane’s rule in Nasonia 
We showed that behavioural abnormalities in hybrid males are largely determined 
by their nuclear composition. Nasonia courtship behaviour is determined by several 
loci spread over all five chromosomes (Beukeboom et al., submitted) and this 
behaviour differs between species. Hybrid genomes contain a random set of alleles for 
the various courtship genes, which leads to chimeric courtship behaviour that is not 
efficiently rewarded by either pure species females. Thus, although mechanistically 
there is no evidence for DM-interactions (disrupted epistasis), the behavioural 
phenotype of hybrid males is disrupted and behavioural sterility is evident. This, 
together with the large impact of female receptiveness to male courtship, makes 
courtship behaviour unsuitable for studying the genetic mechanisms underlying 
Haldane’s rule. Spermatogenic failure, yet indirectly measured in this study, was more 
clearly rescued by diploidy in hybrid males. Spermatogenic failure seems to be 
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explained by dominance effects, as faster-male effects would have induced more 
sterility in diploid males as well. This shows that recessive negative epistatic 
interactions are likely the cause for the high levels of hybrid sterility in Nasonia haploid 
hybrid males. Unfortunately, the genetic basis of these incompatibilities could not be 
studied due to small sample sizes and thus await future research. 
Survival analysis showed comparable mortality rates between diploid males and 
females. Furthermore, genetic analysis of hybrid offspring showed two independent 
mechanisms rescuing hybrid mortality: dominance and dosage. This supports the 
claim that Haldane’s rule is a composite phenomenon that cannot be explained by a 
single mechanism (Coyne, 1992). As the underlying mechanisms explaining haploid 
hybrid mortality differed between genomic regions (dosage versus dominance), this 
also means that the mechanisms leading to hybrid incompatibilities are largely affected 
by the properties of the genes (and biological processes) underlying the incompatible 
genomic region. 
The role of dosage, although largely ignored in recent studies, is not novel in 
explaining Haldane’s rule. Even though it was proposed that incompatibilities are 
more deleterious when present twice in a genome (Turelli & Orr, 1995), this 
prediction was not corroborated by Drosophila studies. Orr (1993) found that Drosophila 
hybrid females with heterozygous X-chromosomes were viable, whereas females 
homozygous for the incompatible X-chromosome were inviable (special unbalanced 
females) like males with a single X-chromosome and thus dosage did not rescue 
female mortality. In Nasonia hybrids, dosage effects seem applicable to some hybrid 
mortality loci, and could even explain incompatibility patterns that are now ascribed to 
dominance effects in diploid species. The reason is that dosage effects might have 
remained unnoticed in diploid species due to limitations of the sex determination 
system: no genomically identical males and females can be created. We found both 
dominance and dosage effects in causing hybrid mortality and possibly hybrid sterility. 
The reason for the lack of faster-male effects on mortality might be that faster-male 
effects act on inducing sterility rather than mortality. However, the lack of faster-male 
effects on hybrid sterility in Nasonia suggests that Nasonia males are not affected by 
sexual selection like males in diploid systems. This is underlined by mathematical 
models that show that sexual selection, the driving force of the faster-male theory, is 
predicted to be less effective in haplodiploid systems due to their lack of 
heteromorphic sex-chromosomes (Reeve & Pfennig, 2003). 
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One unique aspect of our study is the availability of diploid hybrid males that are 
genomically identical to hybrid females. In chapter 4 it was suggested that the hybrid 
incompatibilities identified in haploid males should be compared to F2 diploid females 
to unravel the genetic basis of Haldane’s rule in Nasonia. If hybrid females did not 
show incompatibilities, the conclusion would be that haploid hybrid males are more 
susceptible to hybrid incompatibilities due to faster-male effects, as dominance effects 
in F2 diploid hybrid females should induce incompatibilities in females homozygous 
for the incompatibilities. Here, we were able to compare both diploid males and 
females to haploid males. These diploid males and females were very similar for all 
fitness parameters measured and showed fewer incompatibilities than haploid hybrid 
males. We found the genetic basis for lower susceptibility of diploid males and females 
to mortality to be due to their ploidy level, regardless of heterozygosity. Without the 
availability of diploid males, the lack of incompatibilities in females would have 
indicated faster-male effects rather than dosage, which would have greatly altered our 
conclusions. 
This is the second study using sex-reversal to examine the genetic mechanisms 
underlying hybrid incompatibility. Malone & Michalak (2008) used hormonal 
treatment and implantation to revert sexual development of hybrid Xenopus frog 
tadpoles. Contradicting Haldane’s rule, male hybrids of these frogs with female 
heterogamety are sterile and female hybrids are fertile. The authors concluded that 
faster-male effects were responsible for the observed hybrid sterility as both normal 
and sex-reversed males were sterile. These results were to be expected, as faster-male 
effects under female heterogamety are the base of most exceptions to Haldane’s rule. 
One important aspect of their experimental setup, however, was that tadpole sex-
reversal occurred after the onset of embryogenesis. At this time, sex-specific gene-
expression is likely to have started irreversible sex-specific processes. The sex-reversal 
as described in the current experiment has as the major advantage that female 
development is prevented and directed towards male development before 
embryogenesis due to parental RNAi. Therefore the results obtained in this study are 
more likely to be accurate compared to Malone & Michalak (2008). 
The dominance, faster-male and faster-X theories are a triumvirate when it comes 
to explaining Haldane’s rule. The underlying genetic mechanisms of the three theories, 
however, are based on very different assumptions. The faster-male and faster-X 
theory both make assumptions about the chance of specific genes being involved in 
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hybrid incompatibilities: fast evolving genes that have diverged alleles in the 
hybridizing species. The faster-male theory assumes that these fast evolving genes are 
male-specific, while the faster-X theory assumes that they are genes located on 
chromosomes that go through rounds of haploidy in a largely diploid genome (i.e. the 
X- or Z-chromosomes of diploid species). The difference between the faster-male and 
faster-X theory is that the faster evolution of male genes immediately leads to 
Haldane’s rule under male heterogamety, while the faster-X theory needs dominance 
effects to explain how incompatibilities that involve the sex-chromosomes lead to 
Haldane’s rule. The dominance theory assumes nothing about specific genes leading 
to Haldane’s rule, but describes how existing incompatibilities can have different 
effects when they involve interactions between autosomal genes or between 
autosomal and sex-linked genes, which in the latter case can lead to Haldane’s rule. 
Uncovering the underlying genetics of specific hybrid incompatibilities can in 
principle discriminate between either of the above mentioned theories, but the 
evidence often remains circumstantial. For instance, the observation that male-biased 
genes are often more diverged between species than female-biased genes (Civetta & 
Singh, 1995; Meiklejohn et al., 2003) is used as evidence for the faster-male theory, 
while it provides no evidence for the involvement of these diverged genes in hybrid 
incompatibilities. The same argumentation holds for the greater divergence of genes 
on the sex-chromosomes (Ford & Aquadro, 1996; Baines et al., 2008) as evidence for 
the faster-X theory. This is also the reason for our neglect of studying the faster-X 
theory. Although the genetic mechanism behind the faster-X theory is applicable to 
haplodiploids (chapter 2), it cannot explain the pattern described by Haldane’s rule: 
dominance explains the sex-specific pattern, and the faster-X theory explains how it 
evolved. Evidence for the faster-X theory in explaining Haldane’s rule can thus never 
be found; the ultimate evidence for the faster-X theory comes from comparing the 
results of various hybridization studies that have uncovered dominance effects. This 
might show that hybrid incompatibilities are likely to involve highly diverged genes on 
the sex-chromosomes, but it may as well show that genes with a strong evolutionary 
constraint are involved without ‘extreme’ levels of divergence. 
 
Summarizing, by comparing hybrid incompatibilities of haploid males to diploid 
males and females we were able to show rescue effects of diploidy on both mortality 
and sterility, indicative of dominance effects. Molecular analyses showed that not only 
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dominance effects rescue mortality, but that also dosage plays a large role in the 
expression of incompatibilities. This role of dosage, however, can be positive or 
negative, dependent on the underlying genes. 
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Addendum chapter 6 
A6.1: parental RNA interference against transformer protocol 
(after Verhulst et al., 2010) 
Pure N. vitripennis and N. longicornis females total RNA was extracted using Trizol 
(Invitrogen) according to the manufacturer’s recommendations. RNA was reverse 
transcribed using RevertAid™ H Minus First Strand cDNA Synthesis Kit 
(Fermentas). The transformer gene was amplified through PCR using primers 
NvTraRNAiF1 (5’ CGA GAC ATC AGT TAG AAG AT 3’) and NvTraRNAiR1 (5’ 
GTC TTG TGG TCC TAT GAA AC 3’). Reactions were performed in 25 μL, 
including 1 μL 10x diluted cDNA, 2.5 μL PCR buffer, 2.5 μL DNTPs, 1 μL forward 
primer, 1μL reverse primer, 16.75 μL MQ and 0.25 μL taq polymerase, under the 
following conditions: 3 min @ 94°C, 30 sec @ 94°C, 30 sec @ 55°C, 1 min @ 72°C 
(35 cycles), 7 min @ 72°C. This template was used in a PCR with similar primers with 
added T7 sequence (5’TAA TAC GAC TCA CTA TAG GG 3’) in 50 μL reactions 
using the following conditions: 3 min @ 94°C,[ 30 sec @ 94°C, 30 sec @ 55°C, 1 min 
@ 72°C (5 cycles)],[ 30 sec @ 94°C, 30 sec @ 60°C, 1 min @ 72°C (35 cycles)], 7 min 
@ 72°C. The resulting fragment was transcribed using the Megascript RNAi kit 
(Ambion) according to the manufacturer’s recommendations to generate dsRNA of 
the transformer gene. 
Virgin females in the white-pupal stage were collected 8 days after oviposition. 
They were glued to a glass slide and injected with dsRNA according to the parental 
RNAi protocol described by Lynch & Desplan (2006). dsRNA in a concentration of 2 
μg/μL was mixed with red dye and injected in the female’s abdomen (near the 
ovipositor) using Femtotips II (Eppendorf) needles under continuous pressure 
(Femtojet, Eppendorf). Glass slides were placed in petri dishes under high humidity. 
Females were collected upon emergence and provided with hosts for feeding. 
 
A6.2: Effect of RNAi treatment on F1 mothers 
Method 
48h-old F1 females were mated to males (according to scheme fig. 6.1) and 
provided with two fresh hosts for three consecutive days to assess their egg-
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production. F1 female mortality during this 5-day period was monitored and calculated 
as the proportion of F1 females that died during this period. 
To determine whether RNAi treatment affects female offspring production, the 
yield of the hosts presented to the F1 females was classified as either: ‘fly emergence’ 
indicating unparasitized hosts, ‘no emergence’ indicating either an unsuitable host or a 
stung but unparasitized host and ‘diapause offspring’ indicating a clutch consisting of 
only diapausing wasp larvae. For treated females the following additional categories 
were distinguished: ‘female offspring’ indicating failure of RNAi treatment, ‘haploid 
male offspring’ indicating unsuccessful mating since only haploid males were found 
and ‘diploid male offspring’ indicating successful mating and RNAi treatment. For the 
control females, ‘female offspring’ indicates successful mating and ‘haploid male 
offspring’ indicates unsuccessful mating. 
 
Results 
F1 female mortality 
Overall, F1 females treated with dsRNA died at a higher frequency than control 
females (fig A6.2.1, χ21=12.58, p<0.001). This difference, however, is mostly driven by 
the mortality of treated pure N. vitripennis females, as pairwise comparisons of treated 
and control females for all crosses revealed only significant differences for 
N. vitripennis (χ21=8.66, p=0.003) and the removal of pure females from the analysis 
resulted in non-significant treatment effects (χ21=2.49, p=0.115). 
F1 female parasitization ability and offspring yield 
All hosts presented to F1 females were classified into 5 (control) or 6 (treated) 
categories based on their yield (fig. A6.2.2). Control females parasitized nearly all 
provided hosts, while many of the treated females did not (fly emergence) and a large 
fraction of hosts was either not suitable or stung without oviposition (no emergence). 
Since all females received hosts from the same batch and none of the control females 
had hosts classified as ‘no emergence’, it is most likely that the lack of emergence for 
the treated females is due to stinging the host, without oviposition. 
Although all matings were confirmed by observation, control hybrid crosses 
often yielded only males. This indicates a lack of sperm transfer or inability to fertilize 
eggs by interspecifically mated females. The fraction of all-haploid clutches of treated  
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   Table A6.2.1: Effect of RNAi treatment on F1 female 
clutch sizes. Comparison of F1 female clutch sizes 
using t-tests for treated and control clutch sizes. Bold 














trol    
100%V[V] 11.9 30.0 3.443 37 0.001 
75%V[V] 15.5 17.8 1.045 43 0.302 
75%L[V] 16.5 23.2 3.223 22 0.004 
75%V[L] 17.8 22.1 2.002 42 0.051 
75%L[L] 18.7 31.3 3.846 32 0.001 
100%L[L] 12.8 21.0 4.142 28 <0.001 
Figure A6.2.1: F1 female mortality upon 
mating and ovipositioning (proportion dead 
± SE). 
For both treated (t) and control (c) F1 
females, the proportion of mortality is 
shown per genetic composition. 
Figure A6.2.2: Offspring yield of F1 females based on 5 (control) or 6 (treated) categories. Shown is the 
proportion of hosts with ‘fly emergence’ (unparasitized), ‘no emergence’ (bad quality host, or stung but 
not parasitized), ‘diapause offspring’ (host contained only diapause larvae), ‘female offspring’ (host 
containing females), ‘diploid male offspring’ (host containing diploid males) and ‘haploid male 
offspring’ (host contained only haploid males). Results are shown per genetic composition type and 
treatment (t for treated and c for control). 
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females was smaller than for control females, but still higher in treated hybrid clutches 
than treated pure species crosses. The fraction of haploid male clutches was largest for 
L×LV[V] for both treated and control females. 
Diapause wasp larvae usually occur in clutches of old mothers or mothers 
cultured under adverse conditions (low temperature and short-hours of light 
indicating the advent of autumn in nature). Overall, diapause offspring are believed to 
be the mother’s response to stress by arresting her offspring’s development until the 
conditions are more suitable. Clutches of pure species mothers grown under 
laboratory conditions usually show small proportions of all-diapause clutches. This is 
underlined by the lack of all-diapause clutches of the control F1 mothers (fig. A6.2.2). 
The incidence of all-diapause clutches of treated F1 mothers was elevated in all 
crosses, but the level of all-diapause clutches was extreme for treated pure 
N. vitripennis females. 
The clutches of treated mothers should contain only male offspring, as RNAi 
treatment against transformer prevents female development. Treated F1 hybrid females 
with N. vitripennis cytoplasm (both backcrossed to V and L) had a high incidence of 
female offspring, indicative of unsuccessful RNAi treatment, while all other treated 
crosses showed low levels of female offspring. Overall, the success rate of the RNAi 
treatment (excluding V×VV[V]t) varied between 40 and 70%, with the highest success 
for hybrids with N. longicornis cytoplasm. 
Since treated females were injected with dsRNA in their abdomen, injuries to 
their reproductive tracts that affect fecundity are possible. Analysis of the number of 
eggs oviposited by F1 females showed that both treatment and cross type effect female 
clutch size (ANOVA: Fcross=5.133 (df=5, p<0.0001), Ftreatment=51.673 (df=1, 
p<0.0001), Fcross*treatment=3.691 (df=5, p=0.003)). Pairwise comparisons showed that 
most treated mothers produced fewer eggs than control mothers (t-tests, table A6.2.1). 
 
Discussion 
We used parental RNAi against transformer to create diploid offspring that 
developed as males rather than females. Parental RNAi is well suited for studying 
hybrid incompatibilities, since negative side-effects of the treatment are mostly 
expected in F1 mothers rather than F2 offspring. We found that overall mortality of 
treated F1 females was elevated compared to control F1 females, but pairwise 
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comparisons per cross showed only significant effects in N. vitripennis. Pure 
N. vitripennis also showed the highest incidence of diapause induction. Control females 
were not injected, and thus the injection itself could be the cause of the observed 
effects. Although injection might affect clutch sizes (injuries to the reproductive tract) 
and mortality rates (increased susceptibility to infections), injection is unlikely to 
differentially affect pure N. vitripennis females in their diapause production. 
Furthermore, parental RNAi is generally not known to affect diapause production. 
Verhulst (pers. comm.) has used this technique for various genes in N. vitripennis 
females; only the treatment against transformer leads to high levels of diapause. Based 
on our results this effect is restricted to N. vitripennis females. This indicates a role of 
the transformer gene in diapause production in Nasonia, but the question remains why a 
smaller effect is found for N. longicornis and hybrid females. 
 
Conclusion 
Treating Nasonia F1 mothers with RNAi against transformer leads to the production 
of diploid males. This treatment is successful for all crosses tested here. Pure 
N. vitripennis females are, however, extremely sensitive to RNAi against transformer. 
Where N. vitripennis usually shows little mortality and sterility (chapters 4 and 5), 
N. vitripennis F1 mothers show increased mortality after injection, have problems 
parasitizing fly hosts and produce a high frequency of diapause larvae. Those females 
that were able to produce diploid male offspring, produced smaller clutch sizes than 
similar control females. 
Although parental RNAi affected the viability and fecundity of F1 mothers, it is a 
useful tool for the creation of diploid males and triploid daughters through 
backcrosses. 
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Abstract 
Hybrid recombinant lines with nuclear DNA from both parental species are 
used in genetic mapping studies because of the greater statistical power compared to 
using F1 or F2 hybrid offspring. Previous attempts to create hybrid lines of Nasonia 
vitripennis and N. longicornis, however, showed that hybrid genomes were not stable, 
likely due to genic incompatibilities. Here we report on the molecular analysis of an 
expanded set of hybrid lines between N. vitripennis and N. longicornis as an aid to study 
the genic incompatibilities between the two wasp species. The results show that 
hybrid nuclear genomes are purged in a non-random pattern. N. longicornis DNA is 
preferentially purged, but when the initial percentage of N. longicornis exceeds 75%, 
than N. vitripennis DNA is purged. This confirms previous indications of both 
nuclear-nuclear and cytonuclear incompatibilities between the species. Purging is 
gradual, but effective within seven generations of inbreeding after initial hybrid line-
construction. Although this purging can introgress the majority of the N. longicornis 
nuclear genome in an N. vitripennis cytoplasmic background, several nuclear loci 
appear incapable of persisting in heterospecific cytoplasm. These loci partly 
contradict the cytonuclear incompatibilities found previously, indicating an effect of 
experimental setup and environmental conditions on the identification of genic 
incompatibilities. The genes located in the regions that never purged from an 
N. vitripennis cytoplasmic background can be considered as speciation genes between 
N. vitripennis and N. longicornis. 
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Introduction 
The identification of the genomic regions involved in controlling complex 
phenotypic traits (quantitative trait mapping – QTL mapping) has become feasible 
with the advances in molecular genetic techniques. The power of genetic mapping 
studies, however, is often still too limited to narrow down genomic regions to 
individual genes controlling the trait (see chapters 4, 5 and 6). Bailey (1971) introduced 
the use of recombinant inbred lines (RILs) as a way to increase statistical power when 
measuring associations between genotype and phenotype (see Crow, 2007). Such RILs 
are created by crossing two parental strains that differ in genotype and phenotype. 
Multiple generations of backcrossing can be performed to generate the desired ratio of 
parental nuclear DNA in the hybrid recombinant lines. After several generations of 
recombination, the lines are inbred until complete homogeneity is attained. This 
genetically unique set of RILs can now be used for QTL mapping approaches since 
each genotype can be measured repeatedly to reduce the effects of phenotypic 
fluctuations. RILs have made their way to various genetic mapping studies in animals 
(e.g. in mice, Broman, 2005; and Drosophila, Luckinbill et al., 2005), but are especially 
useful in plants, where self-fertilization reduces the effort of inbreeding (reviewed by 
Takeda & Matsuoka, 2008). 
The parasitic wasp genus Nasonia has proven useful for genetic mapping studies 
(e.g. Gadau et al., 1999; Rütten et al., 2004; Niehuis et al., 2008) and their use in 
speciation research has recently gained much attention (Werren et al., 2010). Genetic 
mapping in Nasonia is facilitated by their haplodiploid reproduction: diploid females 
develop from fertilized eggs and haploid males develop from unfertilized eggs. This 
male haploidy abates the complications of recessivity and dominance. In the study of 
genic incompatibilities between N. vitripennis and N. longicornis, a line was used that 
contained N. giraulti nuclear DNA in an N. vitripennis cytoplasmic background (Gadau 
et al., 1999) to disentangle results on asymmetric mortality of reciprocal hybrid crosses 
of the two species (Breeuwer & Werren, 1995). This introgression line was created by 
repeated backcrossing of hybrid females to N. giraulti males, a process in which 
N. giraulti nuclear DNA is introduced into N. vitripennis cytoplasm, yet without 
selection for specific phenotypes (which is usually performed when creating 
introgression lines). The studies initiated research on genic incompatibilities 
throughout the Nasonia genus. It followed that N. longicornis and N. giraulti genomes 
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are compatible (Bordenstein et al., 2001), but the genomes of both species are 
incompatible with the more distant N. vitripennis (Niehuis et al., 2008; this thesis). 
Previous attempts to introgress N. vitripennis nuclear DNA into N. longicornis 
cytoplasm for use in genetic studies resulted in mortality of all lines after a number of 
generations. In contrast, lines where N. longicornis nuclear DNA was introgressed into 
N. vitripennis cytoplasm were easier to maintain (Beukeboom, pers. comm.). These 
results indicated asymmetrical cytonuclear incompatibilities between N. vitripennis and 
N. longicornis, with the largest mortality occurring in lines with N. longicornis cytoplasm. 
Subsequently, it was attempted to create RILs between N. vitripennis and N. longicornis 
(see fig. 7.1). Pérez Vila (2005) used a series of hybrid lines that were constructed by 
crossing N. longicornis males to N. vitripennis females for variable numbers of 
generations to create lines with increasing levels of N. longicornis nuclear DNA in an 
N. vitripennis cytoplasmic background. Unexpectedly, molecular analysis of these lines 
after several generations of inbreeding revealed that the expected ratio of N. vitripennis 
to N. longicornis DNA was never attained: instead of the expected percentage 
N. longicornis DNA of 62.5%, the lines consisted almost completely of N. vitripennis 
nuclear DNA, whereas lines with a higher expected percentage of N. longicornis DNA 
(75% and up) consisted almost completely of N. longicornis DNA.  
The question was raised whether this apparent switch between purging 
N. longicornis or N. vitripennis nuclear DNA was a stochastic event or based on a 
deterministic process, the latter would mean that it could be repeated. It was also 
unclear how fast this biased purging would take place. It was therefore decided to 
monitor the inbreeding process during the construction of hybrid recombinant lines in 
more detail. A different set of N. longicornis and N. vitripennis hybrid lines was created 
for this purpose, again with different percentages of N. longicornis nuclear DNA at the 
start of inbreeding. 
The results of chapters 4, 5 and 6 of this thesis indicate cytonuclear 
incompatibilities between N. longicornis nuclear DNA and N. vitripennis cytoplasm. This 
contradicted the results from Pérez Vila (2005) as she found that multiple hybrid lines 
contained solely N. longicornis nuclear DNA (based on 4 microsatellite and 87 AFLP 
(amplification fragment length polymorphisms) markers) in N. vitripennis cytoplasm. 
The limited resolution of these markers might explain why she was unable to locate 
the small genomic regions that are expected to be constrained by cytonuclear 
incompatibilities in hybrid lines as these incompatible nuclear loci should remain of 
Koevoets – hybrid incompatibilities in Nasonia 
158 
the N. vitripennis type. Failure to detect the N. vitripennis regions is likely because 
multiple generations of recombination will decrease the size of these regions. The 
observation that the nuclear genome changes to more or less pure DNA of either 
species, rather than a stable mixture of the two, suggests that nuclear-nuclear gene 
interactions also play a role in the fitness of hybrid offspring. 
Here, we analyse various N. vitripennis – N. longicornis hybrid lines, sampled during 
inbreeding or upon repeated backcrossing. The genome content of these lines is 
assessed using microsatellite markers, mitochondrial sequences and single nucleotide 
polymorphism (SNP) markers that have become available in recent years. The results 
are discussed in comparison to data from previous research on genic incompatibilities 
between N. vitripennis and N. longicornis.  
Materials and methods 
The lines used for this experiment are AsymC (N. vitripennis) and IV7R2 
(N. longicornis), the same as those used throughout this thesis. Two different 
approaches are combined in this analysis. The lines that are analysed all resulted from 
crosses between N. longicornis males and N. vitripennis females, and the offspring was 
backcrossed to pure N. longicornis males for various generations. The lines are named 
after the number of crosses to N. longicornis males (including the initial cross): L1V, 
L1,2V, L2V, L3V, L4V, L6V and L10V (see fig. 7.1). The L1,2V line is intermediate to L1V 
and L2V as the second cross was not performed with pure N. longicornis males, but 
with hybrid males. The lines differ in the number of inbreeding generations. The next 
paragraphs describe the analyses that are performed using these hybrid lines. First, the 
nuclear composition during inbreeding is described, as the results from this section 
will prove the repeatability of the switch between purging N. longicornis or N. vitripennis 
nuclear DNA. If this switch is repeatable, this approach should reveal how this 
purging takes place. Second, the nuclear composition upon backcrossing is described, 
as these results should either corroborate or contradict the results from the previous 
chapters and narrow down the genomic regions responsible for cytoplasmic 
incompatibilities to candidate genes. 
 
Nuclear composition during inbreeding 
The L1V, L1,2V and L2V lines were created to monitor the purging of N. vitripennis 
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and N. longicornis DNA during inbreeding. N. longicornis males were mated with 
N. vitripennis females. The resulting F1 hybrid females were mated according to the 
scheme presented in fig. 7.1. When the desired nuclear composition was reached, 
inbreeding was initiated and offspring was stored every generation for genetic analysis. 
Several independent lines were maintained during inbreeding. As inbreeding 
progressed, some replicate lines extinguished and new lines (not independent from all 
Figure 7.1: Setup of Nasonia hybrid lines. The illustration shows the backcrosses and genetic composition 
of the different hybrid lines (after Pérez Vila, 2005). Haploid N. longicornis males (black genomic regions) 
are mated with diploid N. vitripennis females (grey genomic regions). F1 hybrid females are either 
backcrossed to pure N. longicornis males, kept as virgins to produce F2 recombinant males or backcrossed 
to F2 hybrid males. This setup is repeated for several generations until 10 crosses to pure N. longicornis 
males have been performed. Once the desired nuclear composition is reached through backcrossing, 
independent lines are inbred to create genetically homogeneous lines. Only one line per nuclear 
composition is depicted, but multiple independent replicates were usually maintained. The grey and black 
arrows indicate which hybrid lines largely fixated N. vitripennis and N. longicornis DNA. 
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other replicates) were split from the surviving lines (see table 7.1). L3V lines were also 
created to monitor the nuclear composition during inbreeding. Unfortunately, the 
number of inbreeding generations was limited to 4, which made the L3V not suitable 
for the analysis during inbreeding. Instead, these L3V lines were analysed for the 












samples # markers 
Nuclear composition during inbreeding:   
L1V  1 8 44 50 msats 
 50% L 3 5 33 50 msats 
  7 3 52 50 msats 
L1,2V  1 4 23 50 msats 
 62.5% L 3 3 15 50 msats 
  7 1 35 50 msats 
L2V  1 8 29 50 msats 
 75% L 3 3 26 50 msats 
  7 2 9 50 msats 
Nuclear composition upon repeated backcrossing:   
L2V 75% L 7 2 9 68 msats 1 sample for SNPs 
L3V1 87.5% L 4 2 10 68 msats 1 sample for SNPs 
 87.5% L 9 2 19 68 msats 
L4V 93.8% L 0 2 6 50 msats 1 sample for SNPs 
L6V 98.4% L 6 2 6 68 msats 2 samples for SNPs 
L10V 99.9% L 1 1 4 68 msats 1 sample for SNPs 
 
Table 7.1: Number of hybrid lines used to monitor the effects of inbreeding and backcrossing on 
hybrid line construction. Shown are the expected nuclear genetic composition of the lines, the 
generation of inbreeding used for genotyping, the number of independent hybrid lines and samples per 
type of line and the number and type of molecular markers used for the genotyping. 
1 Two of the L3V lines were part of the original construction by Perez Vila (2005), the other two L3V 
lines were part of the second line construction and were thus inbred for a different number of 
generations. 
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Nuclear composition upon repeated backcrossing 
Various hybrid recombinant lines were used to assess the nuclear composition 
upon repeated backcrossing. First, two lines of the initial experiment to introgressed 
N. longicornis nuclear DNA into N. vitripennis cytoplasm (Beukeboom, pers. com.) were 
analysed. These lines were crossed to N. longicornis males for four generations without 
additional inbreeding upon backcrossing. 
Second, lines crossed to N. longicornis males for three or more generations, 
followed by various inbreeding generations, were analysed. These lines were those 
described by Pérez Vila (2005), but also L2V (generation 7) L3V (generation 4) lines 
from the experiment to monitor inbreeding. Again, replicate lines were available, but 
fewer of the high number of backcross lines due to increasing extinction rate of these 




Wasps were stored at -20°C prior to DNA extraction. Female wasp DNA was 
extracted using the high salt-chloroform protocol (Maniatis et al., 1982). 50 
microsatellite markers (sets 1 to 8, chapter 3) were amplified and analysed according to 
chapter 3. The L2V (generation 7), L3V (generation 4), L6V and L10V samples were 
analysed with 2 additional sets from the Nv200-series (see table 7.2 for primer 
information and chapter 3 for their origin) to increase molecular resolution. This 
expanded microsatellite set was restricted to these samples, as limited recombination 
in the other lines made increased resolution redundant. 
SNPs  
Based on microsatellite genotyping data, four samples with multiple backcrosses 
to N. longicornis (L4V, 2 × L6V and L10V) were selected for SNP genotyping based on 
their apparently complete N. longicornis genome as established by microsatellite 
analysis. The genotyping was performed at the Center for Genomics and 
Bioinformatics at Indiana University, USA, on NimbleGen microarrays. 17,618 loci 
spanning 86% of the Nasonia genome of 70 bp oligonucleotides with N. vitripennis 
specific sequences were printed to microarrays (Desjardins et al., submitted). DNA 
hybridization to these oligos is species specific due to multiple single nucleotide 
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 polymorphisms (SNPs) between species and several samples of pure species DNA 
are used as control data to compare the test DNA samples with. The SNP genotyping 
arrays were designed to discriminate between N. vitripennis and N. giraulti DNA, but 
due to genetic similarity of N. giraulti and N. longicornis, these arrays could also be used 
in this study (decreasing the number of informative loci from 19,681 to 17,618). 
Based on the hybridization of the test DNA sample to the array, each locus was 
genotyped as either V (for N. vitripennis) or L (for N. longicornis) using the methods 
described by Desjardins et al. (submitted). Additionally, the level of hybridization 
towards V and L control data was calculated into a proportion that was used to 
determine heterozygosity (only possible across multiple loci, as confidence is limited 
for single loci). As the data analysis was designed for discriminating N. vitripennis from 
N. giraulti, a separate set of genotype calls was available that was typed as either V or 
G. The genotype data that uses N. vitripennis and N. longicornis control data was 
compared to the genotype data that uses N. vitripennis and N. giraulti control data as V 
calls should be similar in both datasets. Any discrepancies between the analyses were 
removed. Loci with ambiguous genotypes (low genotype likelihoods or contrasting 
results within contigs) were only considered when the hybridization tended towards 
N. vitripennis (based on genotype proportions within loci) and the genotype call based 
on V vs G control data yielded V calls. Thus, where likelihoods were not sufficient to 
confirm a ‘V’ genotype call, manual confirmation was used if proportion data and 
alternative control data yielded satisfactory results. See table 7.3 for an overview of 
this analysis. 
SNP genotypes were scanned for loci that consistently remained of the 
N. vitripennis allele over the majority of lines. The bp location of the oligonucleotide of 
interest on the scaffold number from the Nasonia genome v1.0 was used to screen 
genomic regions for annotated gene models using NasoniaBase (Munoz-Torres et al., 
2011). 
Cytotype confirmation 
The cytotype of the lines was confirmed to be N. vitripennis using primers for the 
mitochondrial cytochrome oxidase I gene (COI): 5’ GTT ATA CCT KTW ATA 
ATW GGA GGA TT TGG 3’ (forward) and 5’CTT TGA AA ACC ACG TTA CCC 
3’ (reverse) (designed by B. Grillenberger). Initial PCR was performed using the 
following profile: 4 minutes at 94°C, followed by 35 cycles of 30 seconds at 94°C, 30 
seconds at 50°C and 1 minute at 72°C, followed by 20 minutes at 72°C. PCR  










type action  result 
high hybridi-
zation e.g. 85% e.g. 89% V 
Check with 
results of N. 
















zation e.g. 15% e.g. 5% L 
cannot be 
checked with N. 







e.g. 18% e.g. 79% U 
Check with 
results that use 







     
remove when 















     
V1 when large 
region of V 
genotype calls 
     
L when large 
region of L 
genotype calls 
      Remove when large U region 
Table 7.3: Simplified overview of the confirmation of SNP genotypes. 
Different genotypes resulted from the SNP analysis, that were confirmed or removed based on 
comparisons with other loci (here linked loci 1 and 2 on the same contig). The numbers 1,2 and 3 at ‘V’ 
illustrate the differences in table 7.5. 
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amplification was checked on agarose (1%) and purified with ExoSAP-IT (GE 
Healthcare). Sequencing reaction was performed using BigDye v2.0 terminator 
sequencing kit (Applied Biosystems). Products were purified using Sephadex columns 
(GE Healthcare), dried and dissolved in HiDi™ formamide (Applied Biosystems). 
Fragments were separated on the 3130XL Genetic Analyzer (Applied Biosystems), 
analysed using Sequence Scanner v1.0 (Applied Biosystems), aligned using BioEdit 
7.0.5.3 and compared to pure species sequences. 
Results 
Nuclear composition during inbreeding 
The nuclear genetic composition of each line (L1V, L1,2V and L2V) was 
determined in females from inbreeding generations 1, 3 and 7 based on 50 
microsatellites. Please note that the variation within lines and the number of lines 
decreased with the number of inbreeding generations. Therefore, the data on 
generation 7 are based on small sample sizes with little variation. 
Already upon initiation of the L1V, L1,2V and L2V lines (right after finishing one 
or two generations of backcrossing), their genetic composition differed from the 
expected allelic frequencies of 50%L for L1V lines, 62.5%L for L1,2V lines and 75%L 
for L2V lines, as the observed frequencies were 41%, 57% and 69% respectively. This 
shows that in all lines with one or two generations of backcrossing, the percentage 
N. longicornis alleles was less than expected based on random inheritance. Below, these 
findings are discussed in more detail per recombinant line and chromosome. 
L1V: the percentage N. longicornis alleles in the L1V lines over all chromosomes, 
together with the proportion of VV, LL and LV genotypes (reciprocal homozygotes 
and heterozygote) over all L1V females, shows that chromosomes 1, 2 and 5 closely 
matched the expected percentage N. longicornis nuclear DNA and genotype distribution 
in generation 1 (fig. 7.2). Chromosome 3 had fewer LL genotypes than expected for a 
small proportion of the chromosome, but the overall percentage of N. longicornis alleles 
matched expectations. Chromosome 4 had an overall low percentage N. longicornis 
DNA compared to the expected 50% and the proportion of LL genotypes was small. 
In generation 3, chromosomes 2 and 3 were largely unbiased, but chromosomes 1, 4 
and 5 carried more N. vitripennis alleles and remaining the N. longicornis alleles were 
mainly found in heterozygous individuals (fig. 7.2). In generation 7, nearly all 
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N. longicornis DNA was purged from the L1V lines (fig. 7.2). Thus, a gradual decrease 
of N. longicornis alleles was observed over the course of inbreeding. 
L1,2V: generation 1 of L1,2V lines showed percentages of N. longicornis DNA 
matching expectations for all five chromosomes and most N. vitripennis DNA was 
present in LV rather than VV genotypes (fig. 7.2). In generation 3, however, the 
number of VV genotypes had increased greatly and nearly all LL genotypes had 
disappeared (fig 7.2). Thus the N. longicornis DNA in the L1,2V lines was largely present 
in LV genotypes. In the 7th generation of inbreeding, the N. longicornis alleles had 
largely been purged from chromosomes 3, 4 and 5 (fig. 7.2), whereas chromosome 1 
and 2 still contained allelic variation. Thus, inbreeding resulted in gradual purging of 
most, but not all, N. longicornis DNA from the L1,2V lines. 
L2V: in generation 1 of L2V lines the percentage of N. longicornis DNA on 
chromosomes 1 to 4 matched the expected high percentage (fig. 7.2). In contrast, the 
Figure 7.2: Nuclear composition of the different hybrid lines per inbreeding generation. For the L1V, 
L1,2V and L2V hybrid lines the average proportion of VV, LV and LL genotypes over multiple 
independent lines is given together with the total proportion of L alleles observed (blue) and expected 
(black). This proportion is given for inbreeding generation 1, 3 and 7. 
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majority of chromosome 5 showed a lower percentage of N. longicornis alleles, mainly 
manifested as a reduction of LL genotypes. In the 3rd generation, however, the 
percentage of N. vitripennis DNA had decreased over the complete nuclear genome 
(fig. 7.2). On all chromosomes, except chromosome 3, there was a complete loss of 
VV genotypes. Also chromosome 5 was depleted of VV genotypes, in contrast to the 
excess of VV and LV genotypes in the 1st generation. In the 7th inbreeding generation, 
the purging of N. vitripennis DNA was nearly complete. Thus, in the L2V lines the 
‘purification’ of the nuclear genome was towards the N. longicornis DNA in contrast to 
the L1V and L1,2V lines that were shifted towards pure N. vitripennis DNA. 
 
Nuclear composition after repeated backcrossing 
Microsatellite analysis 
The lines that showed only N. longicornis nuclear DNA based on the provisional 
genotyping of Pérez Vila (2005), as well as those resulting from the microsatellite 
analysis described above, were analysed with a larger microsatellite marker set. 
L2V: two independent replicates were analysed, that showed variation between 
individuals within replicates. Both lines contained N. vitripennis alleles towards one end 
of chromosome 3 and one end of chromosome 4. Chromosome 5 contained one 
continuous block of N. vitripennis alleles in its centre in one line, whereas the other line 
contained few N. vitripennis alleles on chromosome 5. 
L3V: four independent L3V replicates were analysed. These proved to consist 
completely of N. longicornis DNA, except for the distal parts of chromosome 2 (marker 
Nv307), chromosome 3 (Nv111 and Nv107) and chromosome 5 (Nv326, Nv322 and 
Nv325). However, the replicates varied in the frequency of N. vitripennis alleles at these 
loci: the loci on chromosomes 2 and 3 had the highest frequency of N. vitripennis 
alleles. 
L4V: one out of the two analysed lines purged all N. vitripennis DNA based on 
microsatellite genotyping. The other line still showed heterozygous loci on all 5 
chromosomes. 
L6V: two independent L6V lines were analysed: one purged all N. vitripennis DNA 
based on the microsatellite genotyping. The other line had fixated N. vitripennis alleles 
at the distal part of chromosome 5 (Nv326, Nv322 and Nv325), but was N. longicornis 
for the remainder of the genome. 
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L10V: this single line had turned completely into N. longicornis based on 
microsatellite genotyping. 
The conclusion from this analysis is that the proportion of N. longicornis alleles 
increased with increasing number of backcrosses to N. longicornis males, as expected. 
Some genomic regions were still of the N. vitripennis type in various replicates, but the 
location of these regions showed no consistent pattern. 
 
SNP analysis 
SNP genotyping on a selected number of lines was performed to gain even higher  
Table 7.4: SNP genotyping of a subset of hybrid lines. 
Shown is the expected percentage of N. longicornis (L) nuclear genome based on the cross design, the 
observed number of L loci, number of V loci and percentage L and V alleles of the total number of loci 
genotyped. The regions that were genotyped as V or LV are also shown in cM position for each sample 
according to the SNP linkage map (not similar to the microsatellite linkage map), when these regions 
span several scaffolds. The remainder of the genome was genotyped as L. 
Line # L # V %L %V chr. 1 chr. 2 chr. 3 chr. 4 chr. 5 
L2V 
(G7) 12751 560 95.79 4.21












11.7 – 13.1 
(V) 
13.9 – 24.8 
(LV) 
0.0 – 6.6 
(LV) 
57.7 – 70.1 
(LV) 
L3V 
(G4) 13312 309 97.73 2.27  
0.0 – 12.4
(V) 
0.0 – 4.4 
(V)   
L4V 13275 413 96.98 3.02




   
59.9 
(LV) 
57.7 – 60.6 
(V) 
L6V6 12868 805 94.11 5.89     
28.5 – 29.2 
(V) 
41.6 – 59.9 
(V) 
L6V1 13506 189 98.62 1.38    
67.2 – 73.8 
(V) 
66.4 – 73.0 
(V) 
L10V6 13747 21 99.85 0.15      
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Figure 7.3: SNP genotyping of six selected hybrid lines. 
For each of the five chromosomes the nuclear composition is indicated per cM position (based on SNP 
mapping rather than chapter 3). The different colours indicate the genotype: blue for L, red for V, 
purple for LV (possible as female wasps were used) and orange for ambiguous but likely V. Please note 
that heterozygosity cannot be determined for single loci and thus small regions are always indicated by 
V rather than LV. 
* OXPHOS genes identified by Gibson et al. (2010): bold black indicates OXPHOS genes with 
significant differences between the Nasonia species. 
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resolution on genomic composition. It confirmed that that the microsatellite coverage 
was not sufficient to find small yet numerous persisting N. vitripennis regions in these 
lines (table 7.4 and fig. 7.3). The percentage N. vitripennis loci in the lines varied from 
0.15 to 5.89 %. The line that was backcrossed to N. longicornis for most generations 
(L10V) contained the least N. vitripennis nuclear DNA as expected. This line was also 
the only line that contained no large N. vitripennis regions (table 7.4). 
Fig 7.3 shows the SNP results per one cM position. When at least one locus 
within a cM contained an N. vitripennis allele, this cM region was considered V (or LV 
based on proportion data, see table 7.3). Regions that stretched over several cM often 
contained continuous genotype calls within that region. Note that the SNP mapping 
differs from the microsatellite mapping (chapter 4) and the orientation of 
chromosome 2 in the SNP map is opposite to the one that is used throughout this 
thesis. 
The L2V and L3V samples contained large regions of N. vitripennis DNA, 
confirming the microsatellite data. L4V also contained three large N. vitripennis regions 
(two on chromosome 1 and one on chromosome 5), which were not uncovered by 
the microsatellite analysis. Close comparison of the SNP and microsatellite results 
shows that the microsatellite markers fall in small N. longicornis regions, which is in line 
with the results (data not shown). The large N. vitripennis regions in the L6V samples 
mainly fell in regions not covered by microsatellites (tip of chromosome 5) and they 
showed little overlap between lines. 
In conclusion, the SNP genotyping analysis detected small genomic regions that 
had remained of the N. vitripennis type that were not detected when using 
microsatellite markers. Seven of these small genomic regions were identical across 
lines, which indicates that independent efforts to repeatedly backcross N. longicornis 
nuclear DNA into an N. vitripennis cytoplasmic background was unsuccessful for these 
regions and therefore these regions must be under strong selection to remain of the 
N. vitripennis type. The next paragraphs focus on these regions. 
 
Non-purged regions 
As we expect that hybrid incompatibility loci cannot be exchanged between 
species, we focused on those genomic regions that remained N. vitripennis across the 
majority of lines. This pattern was only found for seven small, single-marker regions 
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(red regions across lines in fig. 7.3). The genes that are physically closely linked to 
these regions (marked with 1 in table 7.5) are likely involved in higher-order gene-
interactions based on their ontology. 
When introgressed N. vitripennis regions become so small that different loci on the 
same contig yield opposite genotype calls, the genotyping is called as ‘ambiguous’. 
Therefore ambiguous genotype calls were manually checked and included in fig. 7.3 
when the locus was likely ‘V’ (orange regions), see table 7.3. Although there is a great 
number of such loci (and even more so for the associated annotated genes, table 7.5), 
together with the seven loci described above, they provide a list of 69 candidate genes 
associated with inducing hybrid incompatibility. 
All but one line (L10V) showed large genomic regions with V (or LV) genotypes. 
As these regions showed little overlap between lines and decreased in size and number 
with increasing number of backcrosses, it is highly indicative that the presence and 
location of these regions is determined by random processes rather than representing 
hybrid incompatibility loci. Nevertheless, chromosome 5 showed many large regions 
of V genotypes across most lines. The distal end of chromosome 5 has previously 
been associated with hybrid incompatibilities between N. vitripennis and N. longicornis 
(chapters 4, 5 and 6) as well as between N. vitripennis and N. giraulti (Niehuis et al., 
2008). Table 7.6 therefore shows all annotated gene models in this genomic region. 
 
Comparison to TRDLs 
Table 7.7 summarizes the results of chapters 4, 5 and 6 (calibrated to the SNP 
data positions) about the loci associated with hybrid mortality to compare to the small 
N. vitripennis regions found across lines. Although the distorted regions from the 
previous chapters are large due to limited marker and sample numbers, there is 
overlap between the studies. The combined data of chapters 4, 5 and 6 show that 
chromosome 1 contains an incompatibility around 50 cM (table 7.7). The SNP data 
show several regions on chromosome 1 that remained of the N. vitripennis type around 
50 cM and the annotated gene models indicate several genes in these regions that are 
involved in complex gene interactions (table 7.5) like the polypyrimidine tract-binding 
protein (known to regulate mRNA splicing, Valcarcel & Gebauer, 1997). 
Previous studies were not conclusive about the presence of an incompatibility 
gene on chromosome 2: only temperature stress uncovered some incompatible  
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   Table 7.5: Annotated genes in regions of retained N. vitripennis genotypes. 
Of those markers where N. vitripennis genotypes were scored consistently across the majority of 
samples, the region was searched for annotated gene models using NasoniaBase. Per region, the cM 
position (based on SNP mapping rather than chapter 3) is given plus a genotype score from 1 to 3 (1=V 
genotypes, 2=ambiguous scores, but high V proportions and V scores based on N. giraulti control data, 
3=V genotypes that could not be validated due to ambiguous scores based on N. giraulti control data). 
The genes that were localized more distant from the genotyped locus are indicated in italics. NAG = no 
annotated genes. 
chr Lines cM Annotated gene model 
 
chr Lines cM Annotated gene model 
1 All 43.82 - ABC protein  2 All 8.02 
- DNA-directed 
  RNA polymerase II 
  13.3 kDa polypeptide 







- tata-box binding 
protein 
- serine protease  2 All 38.02 - NAG 
   - (chymo)trypsin 
 2 All 38.02 - phenylalanine hydroxylase 








  DPY30 
 2 All 38.02 - NAG 
   





43.83 - AMPK-beta subunit 
   
- cytosolic malate 
  dehydrogenase 
 2 All 46.02 - phosphatase 
1 All 48.92 - venom acid phosphatase  2 All 52.62 - apidermin 1 
   - histone deacetylase 
 2 All 57.72 - glucosyl/glucuronosyl   transferases 
1 All 48.92 - NAG     - serine protease 
1 All 48.92 - NAG     - Chymotrypsin-2 
1 All 49.61 
- polypyrimidine 
  tract-binding 
protein 
    - vitellogenin 
1 All 71.52 - cell division cycle 27  3 All 5.81 
- BRCA1 interacting 
  protein C-terminal 
  helicase 1 
   
- sensory neuron 
  membrane protein 1 
 3 All 22.62 - Protein phosphatase 1H 
1 All 83.22 - Myogenic-determination   protein (Protein nautilus) 
 3 All 34.32 
- aryl hydrocarbone 
  receptor nuclear 
  translocator 
2 All 72.32 - GTP-binding protein     
- U3 small nucleolar 
  ribonucleoprotein 
protein mpp10 
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chr lines cM Annotated gene model 
 
chr lines cM Annotated gene model 
3 All 38.02 - ribosomal protein L39 
 3 All 43.82 - metabotropic   glutamate receptor 
   
- mitochondrial 
ribosomal 
  protein, L22 
 4 All 13.91 
- ral guanine 
nucleotide 
  exchange factor 
   - E2f8 
    
- helix-loop-helix 
protein 
   
- fructose 1,6-
bisphosphate 
  aldolase 
    - dynein heavy chain 
   - Odorant receptor 85d 
 4 All 51.93 
- testis development 
  protein nyd-sp29 
3 all 38.02 - DNA polymerase beta 
 4 All 51.92 - NAG 
   
- RNA 3 terminal 
  phosphate cyclase 
 4 All 53.32 - NAG 
3 All 38.72 - saposin  4 All 69.42 - NAG 
   
- pituitary 
  homeobox 
 4 All 76.72 - clathrin coat assembly   protein ap-1 
   
- ubiquitin-conjugating
  enzyme 
    - ribosomal protein L35Ae 
3 All 40.22 - metalloproteinase     - heparan sulfate   6-O-sulfotransferase 
   
- phosphatidylinositol 
synthase 
 5 All 1.52 - synaptogyrin 
   
- cationic amino 
  acid transporter 
 5 All 15.32 - neuromusculin 
   - prophenoloxidase 
 5 All 19.02 - 39S ribosomal protein L43 
   - calmodulin 
 5 All 36.52 - proteasereverse transcriptase 
- troponin C type IIb     -  ribonuclease H 
- Sorting nexin 4     - integrase 
- pyrokinin receptor  5 All 35.01 - RAD54-like 
- ceramidase  5 All 36.52 - NAG 
3 All 43.82 - broad-complex  5 All 39.42 - NAG 
   - DNA ligase III 
 5 All 59.92 - MAX dimerization   protein 
   
- cop9 complex 
  subunit 7a 
 5 All 68.62 - hyperpolarization   activated ion channel 
Table 7.5 continued 
Koevoets – hybrid incompatibilities in Nasonia 
174 
   
bp start bp stop Annotated genes between 2 and 5 Mbp
2222208 2395911 MAX dimerization protein
2406692 2413941 nicotinamide mononucleotide adenylyltransferase
2425729 2444209 abc transporter
2531308 2531963 mitochondrial ribosomal protein L41
2539141 2543996 ATP-dependent RNA helicase
2638012 2641199 slender lobes
2675687 2680697 beta-N-acetylglucosaminidase FDL
2712915 2716146 poly(a) polymerase cid (pap) (caffein-induced death protein) 
2748252 2750274 lysozyme P
3095246 3103895 myosin vii
3110970 3117414 melanization-related protein
3123166 3125417 proteasome 26S non-ATPase subunit 7
3125857 3132557 leucine-rich transmembrane protein
3149102 3150099 serine/threonine protein kinase
3153372 3158824 condensin
3166863 3167561 small nuclear ribonucleoprotein, core,
3193455 3206957 beta chain spectrin
3213763 3280964 sortilin-related receptor
3343170 3344715 odorant receptor 47
3392473 3403169 S-antigen protein
3410642 3419236 casein kinase 1, alpha 1
3421073 3422192 anon2A5
3428618 3561391 dopamine receptor, D1
3728981 3789974 Sptzle 1B
3820395 3821412 neuroendocrine differentiation factor
3857232 3889816 f-box and wd-40 domain protein
3891419 3892866 phosphatidic acid phosphatase
3902806 3905518 ras-related protein Rab-10
3926033 3936384 G-protein coupled octopamine receptor
4113384 4116948 Potassium channel
4260470 4262010 venom acid phosphatase
4276811 4434451 longitudinals lacking
4436486 4501266 pipsqueak
4503674 4505867 disulfide oxidoreductase
4507167 4509094 mandelate racemase
4510369 4513041 receptor for activated C kinase
4580250 4582064 ankyrin repeat protein
4585189 4632885 microsomal dipeptidase
4719150 4730109 microsomal dipeptidase
4780239 4785464 pickpocket
4835340 4836577 suppressor of Ty 3 homolog (S. cerevisiae)
4841666 4842681 proline synthetase co-transcribed bacterial-like protein 
4999096 5004638 Fumarylacetoacetate hydrolase
Table 7.6: Annotated gene models on scaffold 2 (v1.0). 
All annotated gene models available in NasoniaBase on scaffold 2, located between 2 and 5 Mbp. 
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regions on this chromosome. The SNP analysis suggests the involvement of some 
loci, but the available gene models in these regions are limited. 
Although previous results showed few incompatibility loci on chromosome 3 
(table 7.7), several loci on chromosome 3 tended towards high proportions of V calls 
in the SNP analysis. The annotated gene models in this region show many candidate 
genes for disrupted epistasis in hybrids (table 7.5). 
Chromosome 4 was not associated with incompatibilities in N. vitripennis 
cytoplasm in previous experiments (table 7.7). SNP analysis, however, suggested two 
(and potentially three more) loci that are restricted in introgressing N. longicornis DNA 
into N. vitripennis cytoplasm. The annotated gene models available for these loci (table 
7.5) also bear strong signs of epistasis like transcription factor functions (helix-loop-
helix) and ribosomal proteins. 
The high density of non-purged loci on chromosome 5 was already mentioned 
above and the candidate genes in this region are reported in table 7.5 and 7.6. Many of 
these genes are likely involved in high-order epistasis, but none of the genes stand out 
as a striking candidate. 
Table 7.7: Summary of biased recovery of marker alleles found in chapters 4, 5 and 6. 
To compare the results from chapter 4, 5 and 6 to the SNP linkage map, the location of TRDLs 
from the previous chapters are calibrated to the SNP linkage map. Shown are those regions in cM 
per type of hybrid, specified for temperature, genetic composition, ploidy and sex) where V alleles 
were recovered significantly more often than L alleles.
chap temp. genetic composition
sex 
(ploidy) chr. 1 chr. 2 chr. 3 chr. 4 chr. 5 
4 25°C 50%V[V] ♂ (1n) 50.0    32.0 – 44.0 









5 25°C 50%V[V] ♂ (1n)     43.0 
5 31°C 50%V[V] ♂ (1n) 52.0 21.0 –39.0   43.0 
6 25°C 50%V[V] ♂ (1n) 52.0     
6 25°C 75%L[V] ♂ (2n)      
6 25°C 75%V[V] ♂ (2n) 45.0* 4.0*    
6 25°C 75%L[V] ♀ (2n)      
* unreliable biased region due to marker failure 
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As previous studies suggested the role of oxidative phosphorylation (OXPHOS) 
in Nasonia hybrid mortality (see chapter 1), fig. 7.3 also shows the location of the 
nuclear OXPHOS genes. The black symbols are those genes that code for different 
proteins between Nasonia species. In several cases, these genes are linked to genomic 
regions that are not purged, but in none of the cases were these genes at the exact 
position of the incompatible locus (table 7.5). 
Discussion 
Hybrid recombinant lines were created by hybridizing two different species, 
N. vitripennis and N. longicornis, and inbreeding their offspring until homogeneous lines 
were attained with genetically unique combinations of the two parental species. The 
nuclear genetic composition of these lines depends on the experimental setup used to 
create the lines: multiple backcrosses prior to inbreeding establish the desired ratio of 
parental DNA. The creation of hybrid lines containing a stable mix of N. vitripennis 
and N. longicornis DNA failed previously (Pérez Vila, 2005). Lines starting with 62.5% 
N. longicornis nuclear DNA appeared to always purge all N. longicornis nuclear DNA, 
whereas lines starting with at least 75% N. longicornis purged almost all N. vitripennis 
nuclear DNA based on provisional genotyping. As all these hybrid lines contained 
N. vitripennis cytoplasm, the results of the 75% N. longicornis lines seemed to contradict 
the existence of cytonuclear incompatibilities identified between N. vitripennis and 
N. longicornis (chapters 4, 5 and 6). This called for a higher resolution genotyping 
analysis of hybrid lines between N. vitripennis and N. longicornis, as presented in this 
chapter. 
In the absence of selection, genetic drift should fixate alleles at random, and lines 
starting with 50% N. vitripennis nuclear DNA are expected to contain equal ratios of 
parental alleles on averaged. All L1V and L1,2V lines (50% and 62.5% N. longicornis 
DNA at the start of inbreeding respectively) analysed here fixated for N. vitripennis 
DNA for the majority of the nuclear genome. This shows that having a complete 
N. vitripennis nuclear genome is advantageous, likely due to coadapted nuclear-nuclear 
interactions between genes of the same species. Also, genomic regions seem to fixate 
as coadapted gene-blocks, spanning relatively large chromosomal regions. 
Evidence for nuclear-nuclear interactions also follows from the hybrid lines 
starting with at least 75% N. longicornis nuclear DNA. These lines always purged 
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N. vitripennis nuclear DNA, underlining the advantage of having a nuclear genome 
consisting largely of one species. However, detailed monitoring of the process of 
purging N. vitripennis DNA showed that N. vitripennis alleles at specific genomic 
regions were advantageous in the initial stages of inbreeding, likely caused by 
cytonuclear incompatibilities. However, as recombination decreased linkage of the rest 
of the nuclear genome with those loci selected by cytonuclear incompatibility, the rest 
of the genome was able to purge all N. vitripennis alleles not constrained by cytonuclear 
incompatibility. SNP genotyping revealed at least seven small genomic regions that 
consistently remained N. vitripennis in six independent lines that contained largely 
N. longicornis nuclear DNA in N. vitripennis cytoplasm. Further genetic analysis should 
focus on these regions by confirming them in a large data set and performing a 
functional analysis of the candidate genes to validate their role as speciation genes. It 
should be noted that the candidate genes identified here are limited by the gene 
annotation models that are currently available for these genomic regions (Munoz-
Torres et al., 2011). Additional genes may be present in these genomic regions for 
which no information is currently available. 
 
All hybrid lines analysed here showed evidence of nuclear-nuclear 
incompatibilities between N. vitripennis and N. longicornis. Such incompatibilities were 
not identified previously (chapter 4), which may be due to the experimental setup used 
in chapter 4 where no inbreeding was performed. The lower than expected values of 
the N. longicornis DNA in the first hybrid generation, however, is in line with the 
findings of chapter 4, and may represent a first purging event. The effect of these 
nuclear-nuclear interactions, being primordial, is too small to be detected in the first 
hybrid generation, but becomes reinforced over inbreeding generations. It would be 
statistically challenging to find evidence for epistasis using F2 hybrid offspring. 
Alternatively, environmental conditions may affect the disruption of nuclear-nuclear 
interactions, since environmental factors also affect the manifestation of cytonuclear 
incompatibilities (chapter 5). This might have prevented the discovery of nuclear-
nuclear incompatibilities in chapter 4, while there were significant effects of such 
incompatibilities during the construction of the hybrid lines analysed here. The effects 
of experimental conditions on the incompatible regions that are identified are also 
underlined by the discrepancies between some introgression-prevented loci and the 
TRDLs from chapter 4, 5 and 6. 
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SNP genotyping revealed that the far majority of the N. longicornis nuclear genome 
can be introduced in N. vitripennis cytoplasm. Perhaps those seven loci identified as 
non-purgeable are truly at the base of the incompatibilities found throughout this 
thesis. However, an alternative explanation is that unfavourable gene combinations 
can persist in hybrid lines as long as there is no competition with hybrids with more 
favourable gene combinations. Previous research identified TRDLs in Nasonia using 
F2 haploid hybrid males (Niehuis et al., 2008; chapters 4, 5 and 6). These F2 males all 
have different genotypes and phenotypes and compete for resources. Males with more 
compatible gene combinations might be better competitors than those with less 
compatible gene combinations, leading to biased recoveries of parental alleles due to a 
combination of extrinsic factors (competition) and intrinsic factors (disrupted 
epistasis). Within the hybrid lines analysed here competition among genotypes is 
reduced since they are genetically homogeneous. This explanation stresses once more 
the importance of experimental conditions on the identification of genic 
incompatibilities. 
The primary objective of creating hybrid recombinant lines was to obtain lines 
with a stable mix of N. vitripennis and N. longicornis nuclear DNA to use for genetic 
mapping studies. This approach was unsuccessful in two separate attempts. Although 
the creation of stable hybrid lines has been successful for other organisms like mice 
and commercial crops (e.g. Bailey, 1971; Takeda & Matsuoka, 2008), biases in the 
percentage of parental alleles in hybrid lines have been reported that are indicative of 
genic incompatibilities (Paran et al., 1995; Ross et al., 2011). Although these studies 
reported slight biases of parental alleles in some genomic regions, such strong purging 
of one of the two parental genomes as found in this study has not been reported 
previously. One possible explanation is that purging is much more effective in 
haplodiploid species due to the haploidy of males. An alternative explanation is that 
the Nasonia species used here have greater genetic divergence than the studied tomato 
(Paran et al., 1995) and nematode (Ross et al., 2011). More divergence would lead to 
more genic incompatibilities in hybrids, and thus a stronger selection pressure and 
more efficient purging. 
Concluding, cytonuclear and nuclear-nuclear gene incompatibilities likely cause 
purging of N. longicornis nuclear DNA from N. vitripennis cytoplasm, even when the 
percentage of N. longicornis is higher than N. vitripennis at the start of inbreeding (up to 
62.5% N. longicornis). However, when the percentage of N. longicornis is above a certain 
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level (75% N. longicornis and up), nuclear-nuclear interactions drive the nuclear genome 
towards N. longicornis, but only after recombination decreased linkage to those nuclear 
loci that are restricted by cytonuclear incompatibility. In no case, a stable mix of 
N. vitripennis and N. longicornis DNA was attained. In lines with predominantly 
N. longicornis nuclear DNA in N. vitripennis cytoplasm, we nevertheless found at least 
seven loci that remained of the N. vitripennis type across lines. These loci await further 
study before they can be deemed ‘speciation genes’. In line with results on the effects 
of environmental conditions on the identification of hybrid incompatibilities, we 
found that the experimental setup greatly affects which genomic regions are identified 
as incompatible, which asks for great caution in designating any speciation genes. 
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The advent of speciation research 
In 1859 Charles Darwin published his work “On the origin of species by means 
of natural selection, or the preservation of favoured races in the struggle for life”, 
more popularly referred to as “THE ORIGIN OF SPECIES”. In this book, he described 
that populations can harbour natural variation for traits (variations in phenotype). 
These traits can be advantageous or disadvantageous given specific environmental 
conditions and individuals with the best phenotype for the environment have the 
greatest change to reproduce and contribute to the next generation. Darwin also noted 
that, through a process that he was unfamiliar with due to the lack of knowledge on 
genetics at that time, the offspring inherit much of the parental phenotype. This 
makes offspring from parents with advantageous phenotypes also fit for a specific 
environment. In the course of several generations, populations in different 
environments are under different selection pressures and the phenotypes in 
populations are selected accordingly. This created populations that are adapted to their 
environment: a process called natural selection. In his book, Darwin described the 
“divergence of character” from the original to new species and new genera, a process 
currently known as speciation. However, his lack of knowledge on today’s models of 
heredity made inferences about the process behind speciation impossible: contrary to 
the title of his book, Darwin failed to explain the origin of species (Orr, 1996). In the 
early 1900’s, Mendel’s laws of inheritance were rediscovered and merged with the 
ideas posed by Darwin about adaptation and divergence of species (also known as the 
Modern Synthesis or, more specific, Neo-Darwinism). Speciation theories were 
initiated by great minds like Dobzhansky, Muller and Mayr (reviewed by Coyne, 1992) 
that not only used adaptive theories like natural selection, but also included random 
processes like genetic drift and mutations. In the second half of the twentieth century, 
scientific experiments kick-started research on the genetic mechanisms underlying the 
process of speciation (genetics of speciation). One of the major concepts on how to 
define species (Mayr’s Biological Species Concept) states that the production of viable 
and fertile offspring when crossing individuals is key in determining whether or not 
these individuals should be considered of the same species, thus different species are 
reproductively isolated from each other (reviewed by Coyne, 1992). As this 
reproductive isolation was recognised as a key aspect of the speciation process, 
speciation research focused mainly on studying reproductive isolation between 
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species, both at the level that prevents the formation of hybrid offspring (prezygotic) 
as at the level that prevents the survival and reproduction of hybrid offspring 
(postzygotic). 
Hybrid incompatibilities (inviability and sterility of hybrid offspring) became of 
great importance to the genetics of speciation. The question was raised if a single gene 
could be responsible for the evolution of hybrid incompatibilities, as the evolution of 
such a gene is paradoxical: if selection pressures have not changed, how can a single 
locus pass from one allele to the next if this intermediate hybrid state is incompatible 
(see fig. 1.1A)? The question was answered independently by Dobzhansky in 1937 and 
Muller in 1942, who explained the evolution of hybrid incompatibilities by the 
disruption of gene-interactions (fig. 1.1B), now commonly referred to as Dobzhansky-
Muller (DM-) interactions (Orr, 1997) (but see box 1.1). 
There is compelling evidence that DM-interactions lead to hybrid 
incompatibilities. ‘Old-school’ crossing design using phenotypic markers validated the 
assumptions that multiple genomic regions were involved in causing incompatibilities 
(Orr, 1997 and references therein). With the advent of molecular (genomic) tools it 
became possible to locate the specific genomic regions responsible for the 
incompatibilities (reviewed by Presgraves, 2010). These genes are often referred to as 
‘speciation genes’ for their use in sustaining reproductive isolation, although their role 
in causing reproductive isolation can only be hypothesized rather than validated. Now, 
more than 150 years after Darwin first proposed ‘the divergence of character’, the 
field of speciation genetics is on the brink of understanding the forces that shape 
different species at the level of genetic processes. 
The genetics of speciation 
Pivotal in understanding the process of speciation is the elucidation of the early 
stages of speciation. Haldane (1922) described a pattern of sex specific susceptibility 
to hybrid incompatibilities, which was later associated with the early stages of 
speciation (Coyne & Orr, 1989; 1997): “When in the F1 offspring of two different 
animal races one sex is absent, rare or sterile, that sex is the heterozygous 
[heterogametic] sex”. In short, Haldane noted that in species with male heterogamety 
(XX females and XY or XO males) males were more susceptible to hybridization, 
while for species with female heterogamety (ZW females and ZZ males), females were 
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more susceptible. After this first report, the rule has been tested in many different taxa 
and has proven to hold in the far majority of cases (see table 1.1). 
As DM-interactions were assumed responsible for hybrid mortality and sterility, 
various hypotheses were proposed on how these interactions lead to sex-specific 
incompatibilities. Although the list of hypotheses seems endless (Kulathinal & Singh, 
2008), the two theories that are best supported by empirical data are the dominance 
theory and the faster-male theory. In short, the dominance theory (described by 
Muller, 1942; extended by Orr & Turelli, 1996) assumes that DM-interactions between 
autosomal and sex-linked genes are more likely to affect the heterogametic sex when 
these disruptions are largely recessive. In this case, the homogametic hybrid (which 
contains the sex-chromosomes from both parental species) is rescued by 
heterozygosity of the incompatible loci, while the heterogametic hybrid (one sex-
chromosome of either of the parental species, dependent on the direction of the 
cross) is not rescued by heterozygosity. Additional to the dominance theory, the 
faster-X theory (Charlesworth et al., 1987) proposes a faster evolution of 
chromosomes that go through rounds of haploidy in an otherwise diploid genome 
(e.g. the sex chromosomes). This greater divergence of sex-linked genes between 
species makes these genes more prone to be involved in DM-interactions and thus a 
faster-X effect intensifies dominance effects leading to Haldane’s rule. Also following 
from the dominance theory is that reciprocal crosses are not expected to show equal 
incompatibilities, mainly when sex-linked genes (here locus A) are involved: if the 
hybrid genotype A2B2B1 is incompatible, than A1B2B1 should be compatible (Orr, 
1997). 
The faster-male theory states that disrupted gene-interactions are more prone to 
manifest in males due to the greater genetic divergence of genes expressed in males 
(driven by sexual selection) and vulnerability of male reproductive processes (like 
spermatogenesis). This faster-male theory, although validated in various 
hybridizations, has a major weakness in that it can only explain Haldane’s rule under 
male heterogamety. For those cases where Haldane’s rule holds for species with 
female heterogamety, the composite nature of Haldane’s rule is invoked and effects 
like the dominance of incompatible loci should counteract faster-male effects (Wu & 
Davis, 1993). Furthermore, it has been suggested that sterility evolves before mortality 
and that different genetic mechanisms might be involved in causing these two aspects 
of hybrid incompatibility (Wu, 1992). 
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Diploid systems like Drosophila have been studied extensively in relation to 
Haldane’s rule and thus many conclusions on the underlying genetic mechanisms and 
the identification of speciation genes (reviewed by Presgraves, 2010) are based on this 
small taxonomic group. Although these diploid systems have proven very useful in 
studying the genetics of speciation and the genetic basis of Haldane’s rule, they have 
drawbacks. Laborious introgression experiments are needed to overcome problems of 
studying recessive incompatibilities in diploid organisms (i.e. Hollocher & Wu, 1996; 
True et al., 1996). Yet the largest disadvantage of diploid systems like Drosophila is that 
researchers have not yet found ways to manipulate the phenotypic sex of individuals 
without changing their genotype. Such approaches have proven extremely useful for 
finding evidence for studying the genetic basis of male hybrid sterility in frogs (Malone 
& Michalak, 2008), where hormonal treatment enabled sex-reversal. 
A genetic system that is rising in popularity due to the ease of laboratory 
manipulation is that of haplodiploidy. Haplodiploid species have haploid males that 
develop from unfertilized eggs and diploid females that develop from fertilized eggs. 
Thus, these species lack heteromorphic sex-chromosomes, while their autosomes 
inherit like sex-chromosomes: females inherit one chromosome set from both parents, 
while males inherit one maternal chromosome set only. Haldane recognised the 
special genetic system of haplodiploidy and its applicability to the rule he had 
described. Although the study of hybrid incompatibilities is now starting to profit 
from the genetic system of haplodiploidy (Gadau et al., 1999; Niehuis et al., 2008), 
haplodiploid systems have thus far been neglected in research on Haldane’s rule 
(Kulathinal & Singh, 2008). The aim of the research described in this thesis was to 
apply Haldane’s rule to haplodiploid reproduction and test hypotheses on patterns of 
hybrid incompatibilities among male and female hybrids in the haplodiploid genus 
Nasonia. Furthermore, I focussed on the effects of environmental factors on the 
manifestation of hybrid incompatibilities and used sex-reversal to unravel the genetic 
basis of Haldane’s rule in Nasonia. The next paragraphs will synthesize the results per 
topic. 
Hybrid incompatibilities and Haldane’s rule in Nasonia 
In chapter 2 I discussed how the genetic mechanisms that underlie the three 
most commonly invoked theories in explaining Haldane’s rule should lead to 
Haldane’s rule in haplodiploids. Based on haplodiploid reproduction, males are 
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considered to be the effectively heterogametic sex in relation to Haldane’s rule, since 
they receive only one chromosome set, while females receive two. Under 
haplodiploidy, the dominance theory predicts that F1 diploid hybrid females are 
rescued by heterozygosity, while F2 haploid hybrid males are not. However, whereas 
the dominance theory in diploids only leads to Haldane’s rule for epistasis between the 
X-chromosome and the autosomes, in haplodiploids the disruption of all epistatically 
interacting genes can lead to Haldane’s rule as the complete genome inherits in an X-
chromosome fashion. The faster-male theory in haplodiploids would apply equally as 
in diploids, leading to greater susceptibility of males to hybrid incompatibilities. 
Finally, the faster-X theory, that implies faster evolution of genes under hemizygosity, 
applies under haplodiploidy as male hemizygosity extends to all male-biased and 
unbiased genes. This leads to male susceptibility when the expression of the 
incompatibilities is affected by dominance. 
Based on the predicted male susceptibility to hybridization in haplodiploids 
described in chapter 2, the sterility and mortality of hybrids between Nasonia vitripennis 
and N. longicornis was studied in chapter 4 by examining the effects of hybridization in 
F1 diploid hybrid females (that have one full chromosome set of both parental species) 
and F2 haploid hybrid males (that have one recombined chromosome set inherited 
from the F1 mother). The results showed that, although environmental factors induce 
slight sterility and mortality, the majority of F1 hybrid females are viable and fertile. 
The resulting F2 haploid males, however, revealed genotype-specific mortality and 
nearly complete sterility. F2 male mortality was investigated by genotyping the males 
with the microsatellite markers described in chapter 3. To this end, all surviving males 
were genotyped and the ratio of the genotypes per marker was compared to the 
expected ratio based on Mendelian inheritance of maternal alleles. Any genomic 
regions deviating from this expected ratio are likely distorted due to mortality of F2 
males with specific genotypes. The results showed that the genomic regions involved 
in hybrid mortality differed between reciprocal hybrids (as expected for DM-
interactions) and that the incompatible genomic regions have a selective advantage 
when they carry the allele that matches the cytotype. Hybrid sterility was found to be 
caused both by behavioural abnormalities and spermatogenic failure. Behavioural 
sterility was not assessed molecularly, as this is expected to merely identify the 
genomic regions known to affect male courtship in Nasonia (Beukeboom et al., in 
prep.). Spermatogenic sterility could not be investigated molecularly due to the high 
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levels of behavioural sterility. The effect of hybridization on F2 haploid males and lack 
thereof on F1 diploid females are consistent with the predictions about Haldane’s rule 
presented in chapter 2. However, the genetic mechanisms underlying this pattern 
could not be disentangled due to limitations of the experimental setup, since both 
dominance and faster-male effects would cause F2 haploid male incompatibilities and 
not F1 female incompatibilities. 
To dissect the mechanisms underlying the incompatibilities identified in chapter 
4, F2 backcross hybrid females and unique F2 backcross diploid hybrid males of 
N. vitripennis and N. longicornis were described in chapter 6. These diploid males 
developed from fertilized eggs oviposited by mothers treated with the RNA 
interference technique (RNAi). Maternal RNAi treatment against transformer disables 
the start of female development of fertilized eggs, which results in the default male 
offspring development regardless of the ploidy of the offspring. Thus, mothers that 
have been RNAi treated against transformer produce diploid males. This allowed for the 
disentanglement of the faster-male and dominance theories as genetically identical 
males and females (of equal ploidy levels) could be compared in the manifestation of 
hybrid incompatibilities. If faster-male effects are responsible for the incompatibilities 
found in chapter 4, then only diploid hybrid males should show incompatibilities. 
However, if dominance effects were the underlying mechanism of Haldane’s rule in 
Nasonia, this would induce incompatibilities in both diploid males and females when 
homozygous for the incompatible loci. The results showed that mortality of hybrid 
haploid males was largely rescued in hybrid diploid males. Both diploid males and 
females showed low levels of mortality and the genomic regions associated with 
mortality were identical between sexes. Based on the results from F2 haploid males in 
chapter 4 we expected the genomic regions associated with haploid male mortality to 
induce diploid male mortality when homozygous. This proved not to be the case for 
several genomic regions. It indicated that, additional to the evidence for dominance 
effects, several genomic regions with incompatible gene-combinations were rescued 
from mortality when having this incompatible locus twice. Such dosage effects have 
currently remained unidentified in diploid systems. It is possible that dosage 
compensation in diploid systems prevents the rescue effects of dosage of incompatible 
loci, but to date research on the presence or absence of dosage compensation in 
haplodiploid systems is lacking. Our results indicate that females do not silence one 
(complete) chromosome set as this would have induced hybrid incompatibilities, but 
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whether males double the expression of their chromosome set remains unknown. 
Thus, dosage effects are important in rescuing hybrid incompatibilities in diploid 
wasps and they could play a role in rescuing incompatibilities in diploid systems, 
which is a hypothesis that needs further investigation. 
Plasticity of hybrid incompatibilities 
As described in chapter 4, several nuclear genomic regions seem incompatible 
with heterospecific cytoplasm, and these regions differ between species. However, 
since the overall fitness of hybrids is likely decreased, the question was raised in 
chapter 5 how these incompatibilities change with environmental stress. F2 hybrid 
males of N. vitripennis and N. longicornis were tested for the manifestation of 
incompatibilities when developed under low (15°C), standard (25°C) and high (31°C) 
temperatures. The results showed that both reciprocal hybrids developing at 25°C 
showed sterility and mortality, whereas pure species did not (in line with chapter 4). 
Furthermore, extreme developmental temperatures (both low and high) increased the 
level of hybrid incompatibilities greatly, while pure species remained unaffected. This 
effect was apparent both for sterility and mortality, but greater for the latter. The 
nuclear genomic regions involved in mortality increased in size and number under 
extreme developmental temperatures. This underlines the decreased fitness of hybrid 
individuals, as stressed conditions induce higher levels of hybrid mortality. This 
increased mortality will cause regions distorted under standard conditions to become 
more distorted, but also regions not distorted under standard conditions can become 
significantly distorted under increased mortality. These results raise the question which 
genes play a significant role in inducing reproductive isolation between species in 
nature, where hybrids face continuous environmental fluctuations and competition for 
mates and resources. 
The results on plasticity of hybrid incompatibilities are corroborated by the 
analysis of several hybrid recombinant lines in chapter 7. The available lines all 
resulted from crosses between N. longicornis males and N. vitripennis females, and 
differed in the number of backcrosses to N. longicornis males. Our molecular analysis of 
the lines showed that lines with a nuclear genome content of 62.5% N. longicornis 
DNA or less at the start of inbreeding, purged N. longicornis DNA in the course of 
inbreeding, while lines with 75% N. longicornis or more, purged N. vitripennis nuclear 
DNA over several inbreeding generations. These results showed the presence of 
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nuclear-nuclear incompatibilities that were not identified in chapter 4. This lack of 
nuclear-nuclear incompatibilities in chapter 4 might be explained by the statistical 
limitations of the experimental setup to find evidence of epistasis in chapter 4, or by 
the variability of nuclear-nuclear incompatibilities between studies. The preference to 
purge N. longicornis DNA, even when the starting percentage was 62.5%, indicated also 
the presence of cytonuclear incompatibilities in hybrid recombinant lines. 
Furthermore, as the majority of the N. longicornis nuclear genome was able to persist in 
N. vitripennis cytoplasm, the loci involved in the cytonuclear incompatibilities were 
limited to seven small genomic regions. Some of these loci matched previous results 
from chapters 4, 5 and 6, but others did not. Two explanations are most likely for the 
differences between chapter 7 and the previous chapters. First, the resolution of 
chapters 4, 5 and 6 might not have been sufficient to identify all loci associated with 
mortality. Second, the plasticity of hybrid incompatibilities resulted in less severe 
incompatibilities in F2 hybrid males (in chapters 4, 5 and 6), but large effects over 
several generations (in chapter 7). Again, these results indicate that experimental 
setup and environmental conditions prove crucial in which hybrid incompatibilities 
are recovered. Nevertheless, the majority of the N. longicornis nuclear genome can 
persist in N. vitripennis cytoplasm. The role of the seven nuclear loci that could not 
persist in heterospecific cytoplasm need to be analysed on a functional level before 
their role as speciation genes can be validated. 
The evolution of hybrid incompatibilities in Nasonia 
The Nasonia genus consists of four sister species (see box 1.2). N. vitripennis is a 
cosmopolitan generalist parasitoid of blowfly and fleshfly pupae and is believed to be 
the most ancestral species of the genus based on genetic divergence (Campbell et al., 
1993). N. longicornis is a specialist parasitoid of blowflies (Protocalliphora), occurs in 
the West of North America and N. giraulti is its closest sister-species. N. giraulti and 
N. oneida are also specialists of blowfly pupae, but occur in the East of North America. 
The recently discovered N. oneida is genetically closely related to N. giraulti, but differs 
from its sister-species in a number of phenotypic characteristics like mating behaviour 
(Raychoudhury et al., 2010a). 
All Nasonia species are reproductively isolated due to infections with different 
Wolbachia types, but when cured with antibiotics, the incomplete prezygotic isolation 
allows for hybridization and the investigation of hybrid incompatibilities. Due to its 
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recent discovery, the incompatibilities between N. oneida and other Nasonia species 
have not yet been measured, but those between N. giraulti and N. longicornis were 
found to be minimal (Bordenstein et al., 2001). Hybrid incompatibilities between the 
more distant N. giraulti and N. vitripennis have been shown to affect hybrid sterility and 
mortality. The genetic basis of hybrid mortality appeared to involve both nuclear-
nuclear (Gadau et al., 1999) and cytonuclear incompatibilities (Niehuis et al., 2008). 
Cytonuclear incompatibility was suggested to be due to disruptions in oxidative 
phosphorylation (OXPHOS) in hybrids, as the proteins involved in OXPHOS show 
strong coadaptation and are thus likely candidates for DM-interactions. Ellison et al. 
(2008) tested this hypothesis in vitro and found that ATP production by OXPHOS 
was lowered in hybrids compared to pure species. 
In this thesis I presented our work on the species-pair N. vitripennis and 
N. longicornis. The genetic divergence between these two species is comparable to the 
genetic divergence of N. giraulti and N. vitripennis (Werren et al., 2010), therefore results 
in line with Niehuis et al. (2008) were expected. The incompatible genomic regions 
identified in chapter 4 are indeed comparable to those found by Niehuis et al. (2008), 
however, the limited resolution of both experimental designs prevents direct 
comparisons of the results. Furthermore, considering the variability in genomic 
regions identified in chapters 4 and 5, hybridization studies using different species-
pairs, laboratories, host pupae and culturing conditions are not expected to yield fully 
identical results. Thus, unless the genes underlying these incompatible genomic 
regions are exposed, such comparisons should be deemed impossible. 
Despite difficulties in comparing across experiments, general patterns in Nasonia 
incompatibilities can be discerned. Nasonia hybridizations show large incompatibilities 
between nuclear and cytoplasmic DNA. As follows from mathematical models by 
Dobzhansky and Muller, these incompatibilities are asymmetrical: the nuclear genomic 
regions of N. vitripennis that are incompatible with N. longicornis cytoplasm are (at least 
partly) different from the nuclear genomic regions of N. longicornis that are 
incompatible with N. vitripennis cytoplasm. Not only does this underline the correct 
models by Dobzhansky and Muller, it also shows the speed at which hybrid 
incompatibilities in the Nasonia genus have evolved, as these incompatibilities must 
have evolved independently. Although this thesis has not focussed on the direct role 
of OXPHOS on the incompatibilities found throughout the experiments, Ellison et al. 
(2008) did find evidence for the involvement of OXPHOS in incompatibilities 
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between N. vitripennis and N. giraulti. Furthermore, all incompatibilities identified in 
this thesis show a strong cytoplasmic effect and some nuclear OXPHOS genes seem 
closely linked to genomic regions that cannot be introduced from N. longicornis to 
N. vitripennis cytoplasm. This makes OXPHOS genes likely candidates for the 
incompatibilities found between N. vitripennis and N. longicornis. Fast evolution of 
incompatibilities in the OXPHOS pathway is common, since these incompatibilities 
are known to even occur between populations (Willett, 2011). Furthermore, Nasonia 
mitochondria have been shown to diverge at a much faster speed compared to 
Drosophila (Oliveira et al., 2008). Together with the expected increased speed of 
divergence due to male hemizygosity, this calls for a re-evaluation of molecular clocks 
available for haplodiploid organisms, as most commonly used insect molecular clocks 
are not based on haplodiploid systems (Campbell et al., 1993; Gaunt & Miles, 2002; 
Werren et al., 2010; Papadopoulou et al., 2010). 
The comparable incompatibilities between N. vitripennis - N. longicornis and 
N. vitripennis - N. giraulti and the lack of incompatibilities between N. longicornis and 
N. giraulti suggest that most incompatibilities in the Nasonia genus evolved after the 
split of N. vitripennis, but before the split of N. longicornis and N. giraulti. The genetic 
divergence of the different species (Werren et al., 2010) shows that N. longicornis and 
N. giraulti are more closely related (divergence of 0.014) compared to N. vitripennis 
(0.031 for both species-pairs), but that there are genetically diverged regions between 
these two close relatives. Although no mortality has been found between N. longicornis 
and N. giraulti (Bordenstein et al., 2001), it is plausible that mild genic incompatibilities 
between these species are only identified by genomic analysis. Therefore, additional 
analysis of incompatibilities between N. longicornis and N. giraulti are needed to further 
elucidate the evolution of DM-interactions in the Nasonia genus. 
Haplodiploidy versus diploidy 
In Haldane’s rule 
One of the main objectives of this project was starting scientific debate on 
whether or not haplodiploid systems should be included in research on Haldane’s rule. 
In chapter 2 we emphasized that the observation of the susceptibility of the 
heterogametic sex to hybridization is merely an effect of the underlying mechanisms. 
As such, mechanisms leading to susceptibility of the heterogametic sex can induce 
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sex-specific incompatibilities according to Haldane’s rule in other sex-determination 
systems. Thus, haplodiploid species, although lacking sex-determination based on 
differential sex-chromosomes, should be included in studies on Haldane’s rule as the 
genetic mechanisms underlying the observations on hybrid incompatibilities could be 
similar to the frequently studied diploid systems. 
Although haplodiploidy is now slowly becoming included in research on 
Haldane’s rule (Garantonakis et al., 2009; Clark et al., 2010; Beukeboom et al., 2010; 
Kulmuni et al., 2010; Tsuchida et al., 2010; Meiklejohn & Tao, 2010; Schilthuizen et al., 
2011; Kronauer et al., 2011), the results that were obtained throughout this project are 
not conclusive as to whether or not similar genetic mechanisms act in haplodiploids as 
in diploids. This follows from the observation that dosage seems to be more frequent 
in affecting Nasonia hybrid incompatibilities than dominance. The effect of dosage 
might be different when the expression of the sex-chromosomes in diploids is 
regulated by dosage compensation of the sex-chromosome (here: X): inactivating one 
X in females could lead to dosage sensitive incompatibilities contrasting Haldane’s 
rule and doubling the expression of one X in males could remove dosage driven 
incompatibilities. In either case, sex differences in incompatibilities would be 
minimized. Furthermore, hybrid mortality in the Nasonia genus seems to be caused by 
the disrupted interaction between nuclear and cytoplasmic genes. One cytoplasmic 
function that has been shown to be disrupted in Nasonia hybrids is the ATP 
production during OXPHOS (Ellison et al., 2008). As recessive negative gene-
interactions in F2 haploid males emerge regardless of dominance, their effect in F1 
hybrids of diploid species is likely minimal due to the autosomal location of most 
OXPHOS genes (see chapter 4). So it seems that, although haplodiploid systems 
follow the predictions based on the broad observation of sex-specific hybrid 
incompatibilities, the genetic mechanisms that lead to this pattern likely differ from 
those in diploid species. These results support Haldane’s rule as being a composite 
phenomenon as the popular dominance, faster-male and faster-X theories are also 
based on very different underlying mechanisms, albeit not mutually exclusive. The 
patterns in hybrid incompatibilities found in haplodiploids follow predictions based 
on Haldane’s rule, but some genetic mechanisms are inherently different between 
diploids and haplodiploids like the inheritance of autosomes in diploids. This makes 
the finding of overlapping patterns unlikely to be due to overlapping mechanisms. 
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In speciation 
Based on reports of Coyne & Orr (1989; 1997) on reproductive isolation in a 
large number of Drosophila species-pairs, scientists accepted that Haldane’s rule 
described a state during the early stages of the process of speciation. As discussed in 
chapter 2, we hypothesize that haplodiploid genomes evolve faster than diploid 
genomes, due to the efficiency at which natural selection can act during hemizygosity. 
In this context, we expect that haplodiploid species evolve Haldane’s rule faster than 
diploid species on an evolutionary timescale since haplodiploids should arrive at 
specific genetic distances between species (D) faster than diploids. To test this 
hypothesis, however, molecular clocks need to be calibrated for haplodiploid 
divergence rates, which has not been done to date. 
Additional to this hypothesis, we also predict that haplodiploid species evolve 
hybrid incompatibilities under much lower D than diploid species due to the haploidy 
(read: chance for negative epistatic gene-interactions to manifest) of males and due to 
the fact that all autosomal interactions can lead to sex-specific incompatibilities, rather 
than the limitation to sex-autosomal interactions in diploids (see chapter 2). To 
compare the genetic divergence at which Haldane’s rule evolves in haplodiploids, I 
compare the genetic divergence of the Nasonia species used in this research project to 
the Drosophila species used by Coyne & Orr (1989; 1997). The calibrated D between 
N. vitripennis and N. longicornis is 0.166 (see box 8.1) and is indicated by × fig. 8.1. This 
shows that the postzygotic isolation between N. vitripennis and N. longicornis is high (0.5 
as reciprocal males show hybrid incompatibilities and reciprocal females do not) for 
the level of genetic divergence. The correlation between genetic distance and 
postzygotic isolation in haplodiploids needs to be tested for more species-pairs over 
several genera before any conclusions about the faster evolution of haplodiploid 
species can be made, but the hypothesis has major implications for haplodiploid 
speciation patterns nonetheless. 
The incompatibilities identified throughout this thesis are unlikely the driving 
force of speciation within Nasonia, as Wolbachia infections seem to have caused rapid 
speciation in this genus (Bordenstein et al., 2001). Therefore, genic speciation caused 
by the incompatible genomic regions identified here is unlikely. However, we do 
demonstrate that genic incompatibilities rapidly evolve between species that are 
diverging due to neutral processes. 
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The genetic distance (D) reported in fig. 8.1 by Coyne & Orr (1989; 1997) is based 
on outdated measures of molecular variation using dominant markers. As the divergence 
between the different Nasonia species (0.031 for N. vitripennis and N. longicornis from 
Werren et al., 2010) is based on whole-genome sequence data, this divergence needs to be 
calibrated before comparisons with Drosophila in fig. 8.1 are possible. Furthermore, this 
measurement of 0.031 is based on few laboratory strains. To confirm the D for 
N. vitripennis and N. longicornis for multiple strains we analysed sequence data from 18 
Nasonia strains concatenated over eight genes (sequence data from 2 N. vitripennis and 16 
N. longicornis strains were kindly provided by R. Raychoudhury and J. Werren, published in 
Raychoudhury et al., 2010) using DNADIST implemented by PHYLIP using default settings. 
This analysis confirmed the N. vitripennis – N. longicornis divergence to be low (0.025). To 
calibrate the N. vitripennis – N. longicornis genetic distance (average D 0.028) to match 
Coyne & Orr (1989; 1997), I used the genome wide divergence of four Drosophila species 
pairs (averaged over Clark et al., 2007; Heger & Ponting, 2007), that were also reported by 
Coyne & Orr (1989; 1997). The calibration is presented in table 8.1 and shows that the 
genetic divergence measurements for three out of four Drosophila species pairs are reliable 
for calibrating the N. vitripennis - N. longicornis divergence to match Coyne & Orr (1989; 
1997). The calibrated D for N. vitripennis and N. longicornis is 0.166.  
Box 8.1: Calibration of D between N. vitripennis and N. longicornis to match fig. 8.1.
Figure 8.1: Relationship between 
postzygotic isolation and genetic 
distance in Drosophila (figure from 
Coyne & Orr, 1997). 
For every Drosophila species pair, 
the postzygotic isolation (discrete 
character as 0.25 is added for every 
reciprocal sex showing hybrid 
incompatibilities) is shown with the 
corresponding genetic distance. 
The black × indicates the calibrated 
genetic distance between N. vitri-
pennis and N. longicornis and the 
corresponding postzygotic isola-
tion.
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The identification of speciation genes 
The identification of specific speciation genes has recently become one of the 
major focusses of research topics in the genetics of speciation (Presgraves, 2010). 
Although debate is continuing on how to define a speciation gene (Nosil & Schluter, 
2011), a commonly used definition accepts that speciation genes provide natural 
selection against hybridization in current species and do not specify their role during 
speciation. 
The results that were described throughout this thesis underline that hybrid 
incompatibilities are extremely variable and the genomic regions underlying the 
incompatibilities change depending on environmental factors. This suggests that the 
speciation genes that act as postzygotic reproductive barriers (here between 
N. vitripennis and N. longicornis) vary also with fluctuating conditions. This raises the 
question whether the speciation genes identified under one condition are also 
important under different conditions, and also whether speciation genes identified 
under laboratory conditions are of significant importance under natural conditions. In 
addition, although the resolution of chapters 4, 5 and 6 prevented direct comparisons 
with chapter 7, only few loci seem truly restricted from translocating from 
N. longicornis into N. vitripennis. This further emphasizes our limited knowledge on how 
incompatibility loci affect natural selection. Maybe we should re-evaluate the need for 
 Genetic distance (D)
Drosophila species pairs
Genetic distance (D) 
N. vitripennis and N. longicornis 
Drosophila Drosophila SM1 SD2 SD3 corrected to SM 
melanogaster sechellia 0.62 0.11 0.028 0.163 
melanogaster simulans 0.55 0.10 0.028 0.155 
persimilis pseudoobscura 0.41 0.02 0.028 0.492 
simulans sechellia 0.28 0.04 0.028 0.179 
     
 average D Nv and Nl4 corrected to match 1 0.166 
Abbreviation: SM: single markers, SD: sequence data 
1 (Coyne & Orr, 1989; 1997) 
2 (averaged over Clark et al., 2007; Heger & Ponting, 2007) 
3 (averaged over Werren et al., 2010; Raychoudhury et al., 2010a) 
4 D. persimilis – D. pseudoobscura excluded from average 
Table 8.1: Calibration of the N. vitripennis – N. longicornis genome wide genetic distance (D) to 
the measurement reported for various Drosophila species pairs by Coyne & Orr (1989; 1997). 
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the identification of speciation genes if the genes that are being identified are of 
limited relevance in nature. However, the identification of specific incompatible 
pathways provides much appreciated insights into the functioning of hybrid organisms 
and cells that can be extrapolated to fully functional pure species. Perhaps appreciating 
the limitations of laboratory studies regarding translations to natural processes would, 
although greatly unsatisfactory, suffice for the current state of scientific research. 
Conclusions 
We have shown that males of haplodiploid systems are expected to express 
hybrid incompatibilities while females are not. When hybridizing N. vitripennis and 
N. longicornis of the haplodiploid wasp genus Nasonia, we found that indeed F1 hybrid 
females are not subject to hybrid incompatibilities, while F2 hybrid males show 
complete reproductive isolation due to mortality and sterility. The rescue-effect of 
complete heterozygosity of F1 hybrid females appeared to be minimal as backcross F2 
hybrid females and special F2 diploid hybrid males were also shielded from 
incompatibilities. Molecular analysis showed that dosage effects are important in 
rescuing hybrid incompatibilities in diploid wasps, regardless of sex. This suggests a 
mechanism that leads to sex-specific incompatibilities that has received little attention 
to date. Whether this dosage mechanism can lead to Haldane’s rule in species with 
differential sex-chromosomes depends on the mechanism of dosage compensation 
involved and this theory on the induction of Haldane’s rule needs further investigation 
before generalizations to other sex-determination systems are possible. 
Molecular analysis of the genomic regions associated with hybrid mortality 
showed that different cytotypes have different incompatibilities with nuclear DNA. As 
these have evolved independently in the Nasonia genus, this highlights the fast 
evolution of Nasonia cytoplasmic genes and susceptibility of cytonuclear interactions 
to hybridization. The genomic regions involved in these incompatibilities are 
narrowed down to several small loci, but their role as speciation genes needs to be 
validated by functional analysis of the genes encoded by these region. 
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Reproductieve isolatie 
Wanneer we het hebben over verschillende soorten, dan lijkt het begrip ‘soort’ op 
het eerste oog heel intuïtief: een kat is een andere soort dan een hond. Het precies 
definiëren, volgens wetenschappelijke richtlijnen, van wat een soort is, blijkt toch 
lastig: is een Chihuahua een andere soort dan een Deense dog (fig. 9.1)?. 
Wetenschappers hebben veel tijd geïnvesteerd in het bedenken van soortsconcepten 
(de regels rond de definitie van wat een soort is) die voor alle disciplines binnen de 
biologie aanvaardbaar zijn. Hoewel de wetenschap het niet eens is over een 
overkoepelend concept, is er wel één definitie die populair is onder wetenschappers: 
het Biologische Soort Concept. Dit concept zegt dat individuen tot dezelfde soort 
behoren wanneer ze levensvatbare en vruchtbare nakomelingen kunnen voortbrengen, 
of wanneer ze dat theoretisch zouden kunnen (denk aan de Deense dog en de 
Chihuahua). Met andere woorden: verschillende soorten zijn reproductief van elkaar 
geïsoleerd, omdat ze geen vruchtbare nakomelingen kunnen maken. Voor een kat en 
een hond is het dan ook duidelijk dat we over 
verschillende soorten spreken. Maar bijvoorbeeld 
een paard en een ezel kunnen onderling wel 
nakomelingen produceren; muildieren of 
muilezels. Deze zogenaamde “hybriden” zijn 
echter niet vruchtbaar, waardoor paarden en ezels 
dus niet tot dezelfde soort kunnen worden 
gerekend. De mechanismen die ten grondslag 
liggen aan de reproductieve isolatie worden 
verdeeld in twee groepen. Ten eerste barrières die 
voorkómen dat een eicel van de ene soort wordt 
bevrucht door een zaadcel van de andere soort. 
Een bevruchte eicel is een zygoot, dus wordt dit 
mechanisme prézygotische isolatie genoemd. Ten 
tweede, barrières die voorkómen dat een zygoot 
zich ontwikkelt tot een vruchtbare hybride 
(postzygotische isolatie). 
Postzygotische isolatie richt zich op de 
problemen die ontstaan in hybride nakomelingen 
Figuur 9.1: Een Chihuahua (links) en 
een Deense dog (rechts). 
Zouden we deze twee hondenrassen tot 
dezelfde soort (hond, Canis lupis) moeten 
rekenen? Dat is volgens het Biologische 




doordat biologische informatie van twee ver-schillende soorten wordt gecombineerd. 
Deze postzygotische isolatie is echter vaak niet volledig: lijken de twee soorten nog 
veel op elkaar, dan zijn de hybride problemen (sterfte en steriliteit, ook wel 
incompatibiliteiten genoemd) in de nakomelingen vaak kleiner dan wanneer de twee 
hybridiserende soorten sterk van elkaar verschillen. Met andere woorden, hoe verder 
de soorten van elkaar geëvolueerd zijn, des te groter zijn de incompatibiliteiten in de 
nakomelingen na hybridisatie. Door technologische vooruitgangen is het nu mogelijk 
om de beginstadia van het soortsvormingsproces te onderzoeken in termen van welke 
mechanismen leiden tot incompatibiliteiten. Hopelijk kunnen we middels dit 
onderzoek eindelijk antwoord vinden op het raadsel dat Darwin in 1859 beschreef in 
zijn boek ‘The Origin of Species’: hoe ontstaan verschillende soorten?  
Haldane’s Regel 
Zoals al gezegd, is de vordering van het soortsvormingsproces van belang voor 
de mate waarin eventuele hybride nakomelingen problemen ondervinden. Wanneer 
soortsvorming in het beginstadium is, dan zullen hybriden weinig incompatibiliteiten 
(sterfte en steriliteit) vertonen. Wanneer de soortsvorming vergevorderd is, dan zullen 
de hybriden zeer sterke incompatibiliteiten vertonen. Echter, wanneer de 
soortsvorming nog niet vergevorderd, maar wel substantieel is, dan is er een stadium 
waarin mannelijke en vrouwelijke hybriden verschillend reageren op hybridisatie. 
Haldane was de eerste die hierin een patroon ontdekte en hij beschreef dat wanneer 
slechts één geslacht problemen ondervindt van hybridisatie, dat dit altijd het geslacht 
is met twee verschillende geslachtschromosomen: het heterogametische geslacht (zie 
box 9.1). Dit betekent dat in organismen met XY geslachtsgepaling (veel voorkomend 
onder zoogdieren, vissen en insecten) mannelijke hybriden zwakker zijn en bij ZW 
geslachtsbepaling (voornamelijk vogels en vlinders) vrouwelijke hybriden zwakker zijn. 
Dit patroon bleek zeer wijdverspreid te zijn binnen de dierenwereld en wordt daarom 
met Haldane’s Regel aangeduid. 
Wetenschappelijk onderzoek naar Haldane’s Regel heeft aangetoond dat 
verschillen in incompatibiliteiten tussen hetero- en homogametische (zie box 9.1) 
hybriden inderdaad optreedt in het beginstadium van soortsvorming. Dit heeft ervoor 
gezorgd dat veel soortsvormingsonderzoek gericht is op de mechanische achtergrond 
van Haldane’s Regel in de hoop dat dit meer licht kan werpen op de drijvende 
krachten achter soortsvorming. 
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Genetisch materiaal 
Ten tijde van het uitkomen van Darwin’s ‘The Origin of Species’ ontbrak het nog 
aan kennis over erfelijkheid. Darwin wist dus niet hoe nakomelingen hun uiterlijke 
kenmerken (fenotype) erven van hun ouders en hoe veranderingen in een fenotype 
doorgegeven kunnen worden aan volgende generaties. Tegenwoordig is er veel kennis 
over erfelijkheid. Het erfelijk materiaal is opgeslagen in het DNA van organismen. Dit 
erfelijk materiaal is een “blauwdruk” geschreven in een taal van 4 “letters”, de 
zogenaamde nucleotiden (fig. 9.2): Adenine (A), Guanine (G), Thymine (T) en 
Cytosine (C). Deze nucleotiden zijn aan elkaar gekoppeld via suiker- en 
fosfaatgroepen in lange desoxyribonucleïne zuur (DNA) moleculen. Doordat de 
Er zijn veel verschillende vormen waarop het geslacht van een ontwikkelend embryo 
wordt bepaald. Een algemeen voorkomend mechanisme van geslachtsbepaling is gebaseerd 
op het bestaan van twee verschillende vormen van een chromosoom dat het geslacht 
bepaalt: dit zijn de heteromorfe geslachtschromosomen. Het verschil tussen mannen en 
vrouwen ligt hierin dat één geslacht twee dezelfde geslachtschromosomen (het homogamete 
geslacht) heeft en het andere geslacht twee verschillende geslachtschromosomen (het 
heterogamete geslacht). Naast de geslachtchromosomen hebben mannen en vrouwen ook 
chromosomen die niet verschillen tussen mannen en vrouwen: de zogenaamde autosomen. 
De bekendste vorm, omdat die ook bij mensen voorkomt, van chromosomale geslachts-
bepaling is mannelijke heterogametie. Hierin hebben mannen twee verschillende geslachts-
chromosomen (X en Y), terwijl vrouwen twee dezelfde geslachtschromosomen hebben 
(twee keer X). Het Y-chromosoom komt dus niet voor in vrouwen. Deze manier van 
voortplanting is veelvoorkomend onder zoogdieren, maar het wordt, met wat varianten, 
onder andere ook gevonden in insecten en vissen. 
Onder vrouwelijke heterogametie zijn het de vrouwen die verschillende geslachts-
chromosomen hebben (die Z- en W-chromosomen worden genoemd) en hebben mannen 
twee dezelfde (twee Z-chromosomen). Vooral vogels en vlinders hebben deze vorm van 
geslachtsbepaling. 
Een vorm van geslachtsbepaling die doorgaans niet gerekend wordt tot de heteromorfe 
chromosomale geslachtsbepaling is dat van haplodiploïdie. Hierbij ontwikkelen zygoten die 
één chromosoomset van de moeder en één van de vader ontvangen (twee chromosoom-
sets: diploïd) zich tot vrouwen, terwijl de zygoten die alleen een chromosoom set van de 
moeder ontvangen (via een onbevruchte eicel, één chromosoom-set en dus haploïd) zich 
ontwikkelen tot man. Alle chromosomen zijn dus hetzelfde tussen mannen en vrouwen, 
alleen hebben vrouwen twee kopieën van elk chromosoom en mannen één. Omdat er geen 
chromosoom is dat specifiek in een bepaald geslacht voorkomt (zoals de Y in mannen bij 
het XY mechanisme), wordt gezegd dat haplodiploïde soorten alleen autosomen bevatten, 
en geen geslachtschromosomen. 
Box 9.1: Chromosomale geslachtsbepaling
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nucleotiden in twee DNA moleculen gemakkelijk waterstof bindingen aangaan, 
worden twee losse DNA strengen aan elkaar gebonden: alle G nucleotiden worden 
gekoppeld aan C nucleotiden en alle T nucleotiden worden gekoppeld aan A 
nucleotiden. Zo ontstaat een dubbele helix (fig 9.3). Een lang, aaneensluitend DNA 
molecuul wordt een chromosoom genoemd en de complete collectie van het DNA 
van een individu is het genoom. 
Bepaalde delen op het DNA (genen) coderen via de nucleotidenvolgorde (DNA 
sequentie) voor eiwitten. Deze eiwitten zijn de functionele delen van cellen. Maar lang 
niet alle delen van het genoom worden gebruikt voor het coderen voor eiwitten. 
Sommige delen spelen een rol bij het initiëren van de vorming van andere moleculen, 
terwijl van het grootste deel van het genoom de functie nog niet bekend is. Belangrijk 
is dat in het DNA het erfelijke materiaal voor het opbouwen en functioneren van alle 
cellen ligt. 
Hoewel de technologische vooruitgangen steeds sneller gaan, zijn er nog veel 
onduidelijkheden over het DNA, de genen en hoe alle genen en andere moleculen in 
de cellen met elkaar communiceren, samenwerken en elkaar soms zelfs tegenwerken. 
Figuur 9.2: de nucleotiden waaruit het DNA is opgebouwd. 
Per DNA streng is de nucleotidevolgorde bepalend voor de
functie van een stuk DNA, of er een eiwit van dat stuk DNA
wordt gevormd en zo ja, hoe dat eiwit er dan uit komt te zien.
Een enkele streng is altijd gebonden aan zijn complementaire
(gespiegelde) vorm: een adenine is altijd gebonden aan een
thymine (en andersom) en een guanine is altijd gebonden aan
een cytosine. Zo kan een DNA streng altijd precies gekopieerd
worden: de strengen worden gesplitst en krijgen een nieuwe
complementaire streng. Bron van de afbeelding: Wikipedia. 
Figuur 9.3: de dubbele helix
structuur van een DNA streng. 
De buitenste ketens zijn de
desoxyribose suikers en fosfaten en
de binnenste verbindingen zijn de
base-paren tussen de nucleotiden.
Bron van de afbeelding: Wikipedia. 
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Dobzhansky-Muller interacties 
De interacties tussen genen zijn cruciaal voor het functioneren van onze cellen. 
Zo zijn er genen die voor eiwitten coderen die werkzaam zijn in het aan of uitzetten 
van andere genen: transcriptiefactoren. Vaak vormen deze factoren grote 
eiwitcomplexen die perfect moeten samenwerken voor de functies die ze uitvoeren. 
Interacties tussen genen worden epistatische interacties genoemd. 
De oorzaak van hybride incompatibiliteiten wordt onder andere toegeschreven 
aan het verstoren van epistatische interacties. Bijvoorbeeld: het eiwit gecodeerd door 
gen A moet samenwerken met een eiwit gecodeerd door gen B. Deze epistatische 
interacties verlopen prima, totdat de populatie van individuen gescheiden wordt, 
bijvoorbeeld door een overstroming. Nu zijn er plotseling twee populaties, die 
onderling geen nakomelingen meer produceren door geografische isolatie. Als de 
isolatie lang duurt, zullen er willekeurig veranderingen (mutaties) optreden in de 
nucleotidenvolgorde van zowel gen A als van gen B. Omdat mutaties willekeurig 
ontstaan, zullen dat nooit dezelfde veranderingen zijn. Alle mutaties die de 
samenwerking tussen gen A en gen B verstoren, zullen via natuurlijke selectie 
verdwijnen, maar uiteindelijk zullen er toch verschillen ontstaan in beide genen in de 
gescheiden populaties. Daardoor is het mogelijk dat normaal gesproken gen A1 de 
functie van gen B1 aanzet in populatie 1, en A2 hetzelfde doet voor gen B2 in populatie 
2. Maar de combinatie van A1 en B2 is niet door het “filter” van natuurlijke selectie 
gegaan, wat ervoor kan zorgen dat A1 niet goed werkt in het activeren van B2. Deze 
hybride zal zich niet kunnen ontwikkelen doordat de interactie tussen twee genen is 
verstoord. Deze verstoorde interacties worden ook wel Dobzhansky-Muller (DM) 
interacties genoemd, naar de bedenkers van dit model (zie fig. 1.1). Op deze manier 
kunnen de twee populaties uiteindelijk twee verschillende soorten worden. 
DM-interacties verklaren Haldane’s Regel 
Doordat DM-interacties verantwoordelijk worden gehouden voor de problemen 
die optreden in hybride nakomelingen, worden er op basis van deze DM-interacties 
verklaringen gezocht voor de constatering dat juist het heterogamete geslacht 
kwetsbaarder is voor hybridisaties (Haldane’s Regel). De drie belangrijkste theorieën 




De dominantie theorie 
Diploïde, seksueel voortplantende organismen krijgen één chromosoom set van 
elke ouder. Ze hebben dus elk gen in hun genoom twee keer. In het geval van hybride 
organismen betekent dit dat ze voor de meeste genen een variant hebben van soort 1 
en een variant van soort 2. Dit geldt echter niet voor alle genen. De autosomen (zie 
box 9.1 en fig. 2.2) zijn altijd in tweevoud aanwezig, maar de genen op de 
geslachtschromosomen zijn alleen in tweevoud aanwezig in het homogametische 
geslacht (dus in XX vrouwen en ZZ mannen). XY mannen (of ZW vrouwen) hebben 
slechts één kopie van de genen die alleen maar op het X (of Z)-chromosoom liggen. 
De dominantie theorie verklaart dat de nadelige DM-interacties in hybriden vaak 
worden opgeheven doordat er twee verschillende varianten van genen aanwezig zijn 
en de goede interacties de negatieve effecten van de slechte interacties kunnen 
compenseren  dominantie. De enige problemen die nu nog op kunnen treden zijn 
interacties met de genen die op het X-chromosoom liggen in mannen (of op de Z in 
vrouwen), omdat er dan slechts één variant is en er dus niet kan worden gered door 
een tweede, betere variant. 
 
De snelle-mannen theorie 
In de natuur kiezen vrouwen met welke man zij paren en moeten de mannen 
moeite doen om vrouwen ervan te overtuigen dat zij de beste kandidaat zijn. Hierdoor 
ontstaat er een grote druk op de mannen om zich steeds optimaal aan te passen aan de 
wensen van de vrouwen om beter te zijn dan de andere mannen in de omgeving en 
daardoor meer nakomelingen te kunnen produceren. Deze druk wordt seksuele 
selectie genoemd. Omdat deze mannen meer nakomelingen produceren, wordt deze 
optimale aanpassing ook vaker doorgegeven aan de volgende generatie. Hierdoor 
veranderen de genen die verantwoordelijk zijn voor mannelijke eigenschappen sneller. 
Als je de varianten tussen soorten vergelijkt, dan hebben genen die coderen voor 
“mannelijke” eigenschappen meer verschillen dan de genen die verantwoordelijk zijn 
voor “vrouwelijke” eigenschappen. Dit is de basis voor de snelle-mannen theorie. 
De verwachting is dat interacties tussen genen sneller worden verstoord als dit 
interacties zijn tussen genen die extreem van elkaar verschillen dan wanneer dit 
interacties zijn tussen genen die minder van elkaar verschillen. Als extreme gen-
varianten vaker voorkomen in mannen, is de verwachting dat mannen meer 
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problemen zullen hebben na hybridisatie dan vrouwen. 
Een nadeel van deze theorie is dat ze goed opgaat onder mannelijke 
heterogametie (XX vrouwen en XY mannen), maar juist tegenovergesteld werkt onder 
vrouwelijke heterogametie (ZW vrouwen en ZZ mannen). Bij dit laatste mechanisme 
voorspelt Haldane’s Regel namelijk dat vrouwelijke hybriden extra problemen 
ondervinden bij hybridisatie, terwijl de snelle-mannen theorie voorspelt dat onder dit 
mechanisme ook hybride mannen alsnog extra problemen ondervinden. Toch is er 
bewijs te vinden dat de snelle-mannen theorie opgaat voor (sommige) soorten met 
mannelijke heterogametie (dus XY mannen). 
 
De snelle-X theorie 
Naast seksuele selectie, vindt er ook natuurlijke selectie plaats op mannen en 
vrouwen. Deze natuurlijke selectie grijpt aan op alle eigenschappen die de overleving 
en voortplanting van individuen vergroot. Wanneer er een gen-variant (allel) is 
ontstaan die voordelig is voor de overleving of voortplanting, dan zal de frequentie 
van dit allel in de populatie snel toenemen. Echter, het probleem is dat deze goede 
eigenschappen van een gen-variant vaak slechts tot uitdrukking komen wanneer er 
geen andere variant in het genoom aanwezig is. Dus kan een dergelijke variant zich 
sneller verspreiden op plekken van het genoom waar maar één kopie van een gen 
beschikbaar is: op het X-chromosoom in mannen (of Z in vrouwen). Hierdoor zal het 
X-chromosoom meer extreme varianten van genen bevatten in de populatie dan de 
autosomen. Deze extreme varianten geven op hun beurt weer meer problemen in 
mannelijke hybriden, omdat er in mannen alleen het X-chromosoom aanwezig is waar 
het ‘probleem-gen’ op ligt, terwijl in vrouwen ook nog een X-chromosoom aanwezig 
is met een correct gen. 
Wanneer er geen verschillende geslachtschromosomen zijn 
Er zijn echter ook soorten waar de geslachtsbepaling niet plaatsvindt op basis van 
twee verschillende geslachtschromosomen. Waar er onder heterogametie altijd een 
chromosoom is dat alleen in mannen of vrouwen voorkomt, hebben mannen en 
vrouwen onder haplodiploïdie allemaal dezelfde chromosomen (autosomen). Echter, 
onder haplodiploïdie hebben vrouwtjes twee kopieën van elk autosoom, terwijl 
mannen van elk autosoom maar één kopie hebben (zie box 9.1). 
Nederlandse samenvatting 
223 
Haplodiploïdie heeft grote gevolgen voor hybridisatie. Vrouwelijke hybriden 
krijgen van elke ouder één chromosoom-set en hebben dus van elk gen twee 
varianten: één van de ene soort en één van de andere soort. Wanneer deze vrouwtjes 
nakomelingen krijgen, dan zullen de mannelijke nakomelingen van elk gen maar één 
kopie krijgen. Deze is oorspronkelijk ofwel van de ene soort, ofwel van de andere 
soort afkomstig (fig. 9.4). Maar omdat de genen bij de reproductie eerst “door elkaar 
zijn geschud” (recombinatie), is de combinatie van kopieën wel veranderd. Aangezien 
genen in een genoom met elkaar moeten samenwerken en de mannen dan weer een 
kopie van de ene soort en dan weer een kopie van de andere soort hebben, zullen de 
gen-interacties in de haploïde hybride mannen moeizaam verlopen. 
Haplodiploide soorten zijn oorspronkelijk nooit betrokken in onderzoek naar 
Haldane’s Regel. De mechanismen die ten grondslag liggen aan Haldane’s Regel 
(dominantie, snelle-mannen en snelle-X) zijn echter zeer goed toepasbaar op de 
overerving van de chromosomen onder haplodiploïdie. Het opstellen van hypothesen 
over de toepassing van haplodiploïden in onderzoek naar Haldane’s Regel was dan 
ook de eerste fase van dit promotieonderzoek. Door het verschil tussen diploïde 
hybride vrouwen en haploïde hybride mannen is de verwachting dat diploïde 
vrouwtjes veel beter bestand zullen zijn tegen hybridisatie dan haploïde mannen. Deze 
hypothese en de onderliggende mechanismen vormen de basis van het onderzoek dat 
beschreven is in dit proefschrift. 
Figuur 9.4: Overerving onder haplodiploïdie. 
Twee specifieke plekken op het DNA (a en b) 
erven onafhankelijk van elkaar over. Van elke 
plek zijn twee varianten bekend (1 en 2), die 
verschillend zijn tussen de soorten. Als mannen 
haploïd zijn, hebben ze dus van beide plekken 
maar 1 kopie, waar vrouwen er twee hebben. 
Wanneer de twee soorten hybridiseren ontstaan 
er hybride vrouwen die van beide plekken twee 
varianten hebben. Wanneer ze haploïde eicellen 
maken, krijgen deze 1 variant van a (a1 of a2) en 1 
variant van b (b1 of b2), en er zijn dus 4 
verschillende mogelijkheden in de hybride 
mannen. Wanneer we echter het hele genoom 
bekijken, zijn er zo goed als oneindig veel 
mannelijke combinaties mogelijk. 
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De vraagstellingen van dit proefschrift 
De soorten waar dit proefschrift zich op richt zijn haplodiploïde sluipwespen van 
het Nasonia genus. Het Nasonia genus bestaat uit vier soorten: N. vitripennis, 
N. longicornis, N. giraulti en N. oneida. De wespen zijn tussen de 1.5 en 2 mm groot (zie 
box 1.2) en de soorten verschillen het duidelijkste in mannelijke vleugellengte. 
Hybridisatie in de natuur tussen de soorten wordt voorkomen door een bacterie die de 
soorten bij zich dragen. Deze Wolbachia bacterie voorkomt dat hybride nakomelingen 
zich ontwikkelen door de chromosomen van de vader te laten samenklonteren in de 
bevruchte eicel. Door de wespen in het laboratorium antibiotica te voeren is het 
mogelijk om de bacteriën te verwijderen en hybridisaties tussen de soorten te 
bewerkstelligen. Echter, dit leidt tot verschillende maten van postzygotische isolatie 
afhankelijk van het specifieke soortspaar dat wordt onderzocht. Omdat er weinig 
bekend was over de hybridisatie van N. vitripennis en N. longicornis, heeft dit 
proefschrift zich op deze soorten gericht. De eerste focus was het opstellen van een 
hypothese omtrent de mechanismen die ten grondslag liggen aan Haldane’s Regel in 
combinatie met haplodiploïdie. Daarna werd er gekeken of er signalen te vinden 
waren van hybride incompatibiliteiten tussen deze soorten (iets dat al voor twee 
andere soortsparen was onderzocht). Nieuw binnen het Nasonia onderzoek was de 
tweede vraag, namelijk of de genomische incompatibiliteiten heviger waren in mannen 
dan in vrouwen. Na het in kaart brengen van de incompatibiliteiten tussen 
N. vitripennis en N. longicornis, werden deze diepgaander onderzocht. Zo werd de vraag 
beantwoord hoe temperatuursfluctuaties de hevigheid van incompatibiliteiten 
beïnvloeden. Ook werd er ingegaan op het mechanisme dat verantwoordelijk is voor 
de verschillen in hybride incompatibiliteiten tussen Nasonia mannen en vrouwen. Als 
laatste werd er over meerdere generaties gekeken of de incompatibiliteiten gevonden 
in de voorgaande experimenten teruggebracht konden worden tot de 
verantwoordelijke genen. 
Incompatibiliteiten tussen N. vitripennis en N. longicornis 
In hoofdstuk 4 is beschreven hoe de soorten N. vitripennis en N. longicornis werden 
gekruist en de problemen in de eerste generatie vrouwtjes gemeten. Ondanks dat er 
wel enige sterfte en steriliteit werd gevonden in hybride vrouwtjes, was een groot deel 




Aangezien het genoom (al het DNA bij elkaar) van een soort vaak uit miljoenen 
nucleotiden (A, T, G en C) bestaat, is het qua kosten en tijd momenteel onmogelijk om al 
het DNA van verschillende individuen te analyseren voor wetenschappelijke experi-
menten. Daardoor worden moleculaire merkers gebruikt die verspreid over het genoom 
voorkomen en daarmee het hele genoom vertegenwoordigen. 
Een moleculaire merker is een “mijlpaal” op het genoom die naar een specifieke plek 
op het DNA wijst (een locus; is Latijn voor plek). Dit locus kan van alles zijn maar moet 
verschillend zijn tussen de soorten die vergeleken worden. Voor een goede 
vertegenwoordiging van het genoom moeten meerdere loci per chromosoom bekeken 
worden in de analyse. Hoe meer loci, hoe beter, maar er is een evenwicht tussen het aantal 
te analyseren individuen en loci: wanneer slechts tientallen individuen geanalyseerd 
worden, dan heeft het geen toegevoegde waarde om duizenden loci te analyseren en vice 
versa. 
Het type merker wordt genoemd naar wat er op het locus voorkomt of de manier 
waarop het bekeken wordt. De meest populaire technieken op dit moment zijn 
microsatellieten en SNP’s. 
Microsatellieten zijn plekken op het DNA waar een bepaalde nucleotidencombinatie 
heel vaak voorkomt (bijvoorbeeld ATATATATATATATAT). Een dergelijke micro-
satelliet verandert heel snel in het aantal herhalingen over verschillende generaties en er 
zijn daardoor vaak veel verschillende lengte varianten te vinden binnen en tussen soorten. 
De lengte van de kopieën kan vergeleken worden met behulp van een makkelijke 
scheidingsmethode: kleine stukken DNA lopen makkelijker door een gelfilter dan grote 
stukken en kleine stukken hebben minder AT’s dan grote stukken. In het geval van dit 
proefschrift zijn meerdere microsatellieten gebruikt. Deze zijn geselecteerd op basis van 
het verschil tussen N. vitripennis en N. longicornis. Voor elke microsatelliet is dus bekend 
welke lengte er voor N. vitripennis staat en welke er voor N. longicornis staat. Zo zijn we in 
staat om over een chromosoom van een wesp te bepalen welk deel van het chromosoom 
van de N. vitripennis grootouder komt en welke van de N. longicornis grootouder. Deze 
genetische kaarten worden samengesteld uit de gegevens van alle wespen van een bepaalde 
kruising (zie bijvoorbeeld fig. 4.2). 
SNP’s (single nucleotide polymorphisms) zijn nucleotide-verschillen tussen soorten op 
één heel specifieke locatie van het genoom. Een nadeel van dit type merker is dat er maar 
twee varianten per SNP bestaan (bijvoorbeeld op een bepaalde plek zien we altijd een A of 
een G, maar geen T of C), maar het grote voordeel is dat SNP’s in grote aantallen in het 
genoom te vinden zijn en dat de huidige technieken steeds efficiënter worden in het 
analyseren van duizenden SNP’s tegelijk. Dit komt doordat het maken van meerdere 
kopieën of het scheiden op basis van kopie-grootte zoals bij microsatellieten bij veel SNP-
technieken niet meer nodig is. Echter, zoals boven vermeld, is het analyseren van 
duizenden merkers slechts informatief wanneer er ook honderden individuen kunnen 
worden gebruikt. Wanneer dit prijs-effectief gedaan kan worden (wat de laatste jaren voor 
steeds meer soorten gerealiseerd is), zullen SNP merkers wetenschappelijke analyses gaan 
domineren. 
Box 9.2: Moleculaire merkers
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problemen te meten in hun mannelijke hybride nakomelingen. Het werd duidelijk dat 
hybride mannen voor een deel worden geveld door sterfte, maar belangrijker, dat de 
overgebleven (levensvatbare) mannelijke hybriden steriel waren. In hoofdstuk 4 werd 
hiermee aangetoond dat er genomische incompatibiliteiten optreden wanneer 
N. vitripennis en N. longicornis worden gekruist en dat de problemen groter zijn in 
mannen dan in vrouwen. Doordat de vrouwelijke hybriden per kruising genetisch 
identiek zijn aan elkaar (één chromosoom van N. vitripennis en één van N. longicornis), 
was genetische analyse van deze vrouwtjes niet informatief (zie fig. 9.4). De 
mannelijke hybriden, echter, zijn allemaal verschillend doordat zij telkens een andere 
mix van het genetisch materiaal van de moeder krijgen. De vraag was of mannelijke 
hybriden met specifieke DNA combinaties beter overleven dan mannen met andere 
DNA combinaties. Daartoe werd het DNA van de hybride mannen geanalyseerd voor 
specifieke stukken DNA die als merker kunnen dienen: microsatellieten (zie box 9.2). 
Deze analyse biedt inzicht in het genetische mechanisme achter hybride sterfte (de 
steriliteit kon niet genetisch worden onderzocht, door het zeer kleine aantal fertiele 
mannen). De verwachting was dat de mannen voor elke DNA merker 50% kans 
hadden om de N. vitripennis of N. longicornis variant van hun moeder te krijgen (want de 
moeder heeft beide varianten en geeft maar één van de twee door). Eerst werd dit 
bepaald voor de mannelijke hybride embryo’s, omdat dit de verdeling van DNA 
combinaties weergeeft voordat de mannelijke hybriden sterven. De overerving in de 
embryo’s was voor elke DNA merker inderdaad 50:50. In de volwassen mannelijke 
hybriden bleek dit ook voor de meeste plekken op het DNA te gelden, slechts enkele 
plekken weken hierin af. Deze verschillen bleken samen te hangen met de herkomst 
van de grootmoeder van de mannen (N. vitripennis of N. longicornis). Dit belang van de 
soort van de grootmoeder wees op effecten van niet zozeer het genoom in de celkern, 
maar van het genoom in de omgeving van de celkern: cytoplasmatische effecten. De 
inhoud van de cel, het cytoplasma, wordt alleen via de moeder doorgegeven. Het 
cytoplasma bevat allerlei belangrijke componenten die samenwerken met het DNA in 
de celkern, zoals de mitochondriën. Mitochondriën hebben hun eigen genoom 
waarvan ze eiwitten produceren. Maar om energie voor de cellen te produceren 
importeren de mitochondriën eiwitten uit de celkern en maken grote eiwit complexen 
van hun eigen eiwitten en de eiwitten uit de celkern (zie fig. 1.7). Omdat de 
mitochondriën via de moeder overerven, heeft een hybride mannetje dus N. vitripennis 
mitochondriën als zijn grootmoeder N. vitripennis was, maar N. longicornis 
mitochondriën als zijn grootmoeder N. longicornis was. Wat opviel toen het DNA van 
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de hybride mannen werd geanalyseerd, was dat wanneer een hybride N. vitripennis 
mitochondriën had, dat deze meer N. vitripennis DNA had en wanneer een hybride 
N. longicornis mitochondriën had, dat deze vaker N. longicornis DNA had. De plekken 
waar deze verstoring optrad in het DNA was niet hetzelfde tussen deze twee groepen 
hybriden (N. vitripennis cytoplasma versus N. longicornis cytoplasma). Deze resultaten 
tonen aan dat zowel de genen in de celkern als die van de mitochondriën van één en 
dezelfde soort moeten zijn voor het goed functioneren van een individu. Dit is het 
gevolg van adaptatie tussen genen binnen een soort (co-evolutie). 
De effecten van temperatuur 
Door tegenstrijdige resultaten van verschillende experimenten kwam de vraag 
naar voren hoe stabiel hybride incompatibiliteiten zijn tussen soorten, met andere 
woorden: als de omstandigheden waarin de hybriden opgroeien veranderen, leidt dit 
dan tot andere of grotere problemen? Om dit te testen werden, zoals beschreven in 
hoofdstuk 5, de kruisingen tussen N. vitripennis en N. longicornis herhaald en de 
ontwikkelende mannen uit de tweede generatie (dus de unieke nakomelingen van 
hybride moeders, zie fig. 9.4) onder verschillende temperaturen opgegroeid. De 
verstoring van ontwikkeling werd bepaald in de vorm van vertraagde ontwikkeling of 
sterfte, evenals de steriliteit van de levensvatbare volwassen hybriden. Het werd 
duidelijk dat hybride mannen veel sterker reageren op temperatuursveranderingen dan 
normale mannen en dit uitte zich in alle parameters die getest werden: hybride 
mannen onder temperatuursstress vertoonden meer sterfte, meer verstoring van de 
ontwikkeling en meer steriliteit. Het DNA van de hybride mannen werd wederom 
geanalyseerd met microsatellieten om te testen of temperatuursstress tot meer 
verstoring zou leiden op dezelfde plekken op het DNA (dezelfde interacties tussen 
genen zijn verstoord) of juist op meer plekken, maar met een vergelijkbare verstoring 
(meer gen-interacties geven problemen onder temperatuursstress). De uitslag van de 
analyse liet beide patronen zien. De verhoogde sterfte leidde tot meer verstoring op 
plekken die bij standaard temperatuur al een verstoring lieten zien en het aantal 
plekken met een significante verstoring nam toe. In alle gevallen was de verstoring 
gekoppeld aan de oorsprong van het cytoplasma: meer N. vitripennis DNA in 
combinatie met N. vitripennis mitochondriën en vice versa. De resultaten van dit 
hoofdstuk lieten duidelijk zien dat de incompatibiliteiten tussen de genen van 
verschillende soorten sterk afhankelijk zijn van omgevingsfactoren. Doordat in de 
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natuur telkens andere selectiedrukken optreden, maakt dit het waarschijnlijk dat 
hybriden in de natuur sterker leiden onder incompatibiliteiten en het af zullen leggen 
tegen niet-hybriden. 
De effecten van ploïdiegraad 
In hoofdstuk 4 werd beschreven dat vrouwelijke hybriden minder problemen 
ondervinden dan mannelijke hybriden. Dit was ook verwacht op basis van hypothesen 
die in hoofdstuk 2 gesteld werden als verklaring voor Haldane’s Regel. In 
haplodiploïde soorten zou de dominantie theorie leiden tot meer problemen in 
mannen doordat mannen van elk stuk DNA maar één variant hebben, terwijl vrouwen 
er twee hebben. De snelle-mannen theorie voorspelt dan ook dat hybride mannen 
meer problemen hebben doordat mannelijke genen sneller evolueren. De snelle-X 
theorie voorspelt wederom dat mannen meer problemen ondervinden van 
hybridisatie, maar in dit geval doordat genen die belangrijk zijn voor mannen (en een 
deel van de algemene genen) haploïd zijn en dus sneller kunnen evolueren. In 
hoofdstuk 4 kon er echter geen onderscheid worden gemaakt tussen de mechanismen 
die ten grondslag liggen aan het patroon van mannelijke kwetsbaarheid. In hoofdstuk 
6 richtte het experiment zich specifiek op het onderscheiden van de dominantie en de 
snelle-mannen theorie: hebben mannen meer last van hybridisatie door hun “man-
zijn” (hun uiterlijk, of fenotype) of doordat ze maar een enkel genoom kopie hebben 
(hun ploidïegraad, of genotype)? Om dit te testen werd een speciale techniek gebruikt 
om embryo’s die zich eigenlijk tot vrouw zouden moeten ontwikkelen, toch tot man te 
laten ontwikkelen. Deze speciale mannen hadden hierdoor het mannelijke uiterlijk, 
maar toch twee genoomsets (diploïd). Er konden dus directe vergelijkingen worden 
gemaakt tussen genetisch identieke mannen en vrouwen en fenotypisch identieke 
haploïde en diploïde mannen. Wanneer de snelle-mannen theorie zeer belangrijk zou 
zijn voor Haldane’s Regel in Nasonia, dan zouden deze speciale diploïde mannen 
dezelfde problemen laten zien als haploïde mannen. Als daarentegen de 
dominantietheorie zou gelden dan zouden diploïde mannen minder problemen 
moeten laten zien dan haploïde mannen. De uitkomsten lieten inderdaad zien dat 
diploïde mannen veel minder problemen ondervonden van hybridisatie dan normale 
haploïde mannen (zowel gemeten als sterfte en steriliteit). Dit gaf duidelijk aan dat het 
mannelijk fenotype minder belangrijk is voor het ontstaan van hybride problemen. 
Daarnaast liet het DNA van de hybride mannen en vrouwen verschillende patronen 
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zien. Op sommige plekken van het DNA was het duidelijk een voordeel om twee 
verschillende varianten te hebben. Individuen met N. longicornis mitochondriën hadden 
bijvoorbeeld een hogere overlevingskans met een mix van N. longicornis en N. vitripennis 
DNA dan alleen met N. vitripennis DNA. Dit was volledig in lijn met de verwachtingen 
op basis van de dominantie theorie. Daarnaast lieten sommige plekken van het DNA 
zien dat het belangrijk is om meer DNA te hebben en dat meerdere varianten van het 
DNA niet per se nodig zijn: combinaties van N. longicornis mitochondriën en daarnaast 
één kopie van het N. vitripennis DNA zijn slechter voor de overlevingskans dan N. 
longicornis mitochondriën in combinatie met twee kopieën van het N. vitripennis DNA. 
Dit laatste patroon duidt erop dat dosering van het DNA erg belangrijk is voor het 
functioneren van de cellen en een hogere dosis van bepaalde genen kan zowel positief 
als negatief uitwerken. 
Incompatibiliteiten over meerdere generaties 
In hoofdstuk 5 werd aangetoond aan dat de problemen als gevolg van 
hybridisatie niet onder alle omstandigheden hetzelfde zijn. In het laboratorium was 
materiaal beschikbaar van wespen met N. vitripennis mitochondriën met verschillende 
percentages van N. vitripennis and N. longicornis DNA. Door opeenvolgende generaties 
hybride vrouwen terug te kruisen met N. longicornis mannen, krijgen de nakomelingen 
telkens een hoger percentage N. longicornis DNA in combinatie met de N. vitripennis 
mitochondriën die via de moeder blijven overerven. Na verschillende aantallen 
terugkruisingen met N. longicornis werden de lijnen gedurende meerdere generaties in 
stand gehouden. Op basis van de voorgaande hoofdstukken was de vraag hoeveel 
N. longicornis DNA geïntroduceerd kon worden in een lijn met N. vitripennis 
mitochondriën en welke plekken op het N. longicornis DNA weerstand zouden bieden 
tegen de samenwerking met N. vitripennis mitochondriën. De beschikbare wespen 
werden eerst geanalyseerd met microsatellieten, waarna een beperkte set werd 
geanalyseerd met een nog nauwkeurigere methode op nucleotiden-niveau (Single 
Nucleotide Polymorphisms) om een zeer gedetailleerd beeld te krijgen van het DNA 
van de speciale hybride lijnen (zie box 9.2). Het werd duidelijk dat in de eerste 
generaties na de hybridisatie het N. vitripennis DNA op bepaalde plekken in het 
voordeel was in combinatie met N. vitripennis mitochondriën. Echter, hoe meer 
generaties er werd ingeteeld of teruggekruist met N. longicornis, hoe meer N. longicornis 
DNA er in de wespen bleek voor te komen. De plekken op het DNA die eerder dus 
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problemen gaven wanneer ze N. longicornis waren in combinatie met N. vitripennis 
mitochondriën in hoofdstukken 4, 5 en 6, konden uiteindelijk toch gecombineerd 
worden wanneer het genoom voornamelijk N. longicornis was. Deze resultaten duidden 
wederom op het belang van de manier waarop een hybridisatie experiment wordt 
uitgevoerd. Verschillende omstandigheden kunnen verschillende plekken op het DNA 
aantonen die belang zijn bij de scheiding van soorten. Naast dat het overgrote deel van 
het N. longicornis uiteindelijk bleek te functioneren in combinatie met N. vitripennis 
mitochondriën, zijn er wel plekken op het genoom geïdentificeerd die niet geschikt 
zijn voor deze samenwerking. De genen die gecodeerd worden door deze plekken van 
het genoom vormen een uitgangspunt voor onderzoek naar welke precieze genen 
verantwoordelijk zijn voor de incompatibiliteiten tussen N. vitripennis en N. longicornis. 
Conclusies 
Ik heb de hypothese gesteld dat, in analogie met Haldane’s Regel, hybride 
vrouwen van haplodiploïde soorten minder problemen ondervinden bij hybridisatie 
dan mannen, en deze hypothese is bevestigd met behulp van de hybridisatie van de 
parasitaire wespen Nasonia vitripennis en N. longicornis. Genetische analyses hebben een 
verband aangetoond tussen specifieke plekken op het DNA die voordelig zijn 
wanneer ze van een bepaalde soort afkomstig zijn in combinatie met cytoplasma 
(waarschijnlijk de mitochondriën hierin) van diezelfde soort. Deze plekken op het 
DNA zijn echter sterk afhankelijk van omgevingsfactoren en stress kan de uitkomsten 
van de hybridisatie experimenten beïnvloeden. Verder blijken mannelijke hybriden 
vooral kwetsbaar te zijn doordat zij een lagere ploidïegraad hebben dan vrouwen, en 
niet zozeer doordat zij minder genetische variatie hebben. Hoe belangrijk dit 
mechanisme in soorten is buiten haplodiploïdie, staat open voor verder onderzoek, 
maar het is duidelijk dat de dosering van DM-interacties een belangrijkere rol in 
moeten gaan nemen binnen de theorieën die Haldane’s Regel verklaren. 
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de dokter je vertelde dat jij “zeker nog wel vijf jaar te leven had”. Maar waar onze 
wereld in elkaar stortte, deden wij dat zelf niet. Wij bleven sterk, maar alleen met 
elkaars hulp. Ik heb enorm veel respect voor de manier waarop jij je voorbereidde 
voor je operatie en hoe je je door de bestraling heen hebt geslagen. En niet te vergeten 
alle revalidatie die nodig was nadat je jouw volledige taalbesef was kwijtgeraakt. Ik 
weet hoe verschrikkelijk je het vindt dat jij jouw proefschrift niet af hebt kunnen 
maken en dat je een carrière in de wetenschap op hebt moeten zeggen. De operatie en 
vooral de bestraling hebben zoveel meer kapot gemaakt dan de meeste (misschien wel 
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alle) mensen beseffen. Het enige dat ik kan zeggen is, kijk eens goed door dit boekje 
heen. Er is bijna geen enkel hoofdstuk waar jouw naam niet wordt genoemd in de 
acknowledgements of zelfs bij de co-auteurs. Jij was echt cruciaal bij mijn proefschrift. 
Je hebt vaak geholpen wanneer er tot in de late uurtjes poppen over moesten worden 
gezet, wespen geteld of zelfs geobserveerd. Maar je hebt me ook enorm geholpen met 
analyses waar ik zelf geen ervaring had of met protocollen die je zelf had 
uitgeprobeerd tijdens jouw onderzoek. In de laatste fase van mijn onderzoek heb je 
zelfs een groot deel van de moleculaire analyses van twee experimenten op je 
genomen als analist in onze vakgroep. Vergeet nooit: dit is ook jouw proefschrift! 
Bedankt voor al je steun, liefde, doorzettingsvermogen, moed en kracht. Ik weet zeker 
dat wij ons plekje nu gaan vinden, ook jij, en dat wij nog lang gelukkig zullen zijn. Ik 
hou van jou! 
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